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1. Introduction 
In the year 2012, the worldwide plastic production reached a maximum of 288 million tons the 
year. Thereby Europe ranks second in the global plastics production with an output of 57 
million tons.
[1]
 Polymers and polymer composites are used in a variety of applications of 
transportation vessels (e.g., cars, aircrafts, ships, and spacecrafts), sport articles, civil 
engineering, and electronics.
[2]
 Though, these materials are prone to damage induced by 
mechanical, chemical, thermal, UV radiation, or a combination of these factors. With 
polymers and composites being increasingly used in a wide range of applications, a number of 
techniques have been developed and applied by industries for mending visible or detectable 
defects on the polymeric structures. Nevertheless, these conventional repair methods are not 
effective for mending invisible microcracks within the structure during its service lifetime. 
Consequently, the concept of self-healing polymeric materials was proposed in the 1980s
[3]
 as 
a way of healing invisible microcracks for extending the working life and safety of the 
polymeric components. The publications of Dry and Sottos
[4]
 in 1993 and subsequently of 
White et al.
[5]
 in 2001 further attracted worldwide interest in these special materials.
[6]
 
Conceptually, the self-healing ability of a material leads to the (partial) recovery of the 
mechanical properties after a damage. A distinction between autonomously or non-
autonomously self-healing is made. In the latter case, self-healing is activated after an 
application of a specific stimulus (e.g., heat, radiation). The conceptual inspiration from nature 
for self-healing is not new and many engineering approaches, in particular for polymeric 
materials, have been inspired by observing natural systems, e.g., in wound healing.
[7-10]
 As a 
closer look into the supramolecular chemistry of self-healing polymers, various interactions
[11]
 
in polymers like ionic interactions,
[12]
 π-π stacking,[13] hydrogen-bonding,[14-15] and metal-
ligand interactions
[16-17]
 have been shown to impart the self-healing ability into the respective 
materials. In the last decades, metallopolymers gained more and more attention as attractive 
self-healing materials.
[18]
 These materials combine the features of polymers and metal 
complexes enabling the design of new systems with outstanding properties whereupon the 
structural properties of the respective complexes are of decisive importance for the self-
healing properties.
[19]
 For the self-healing process it is important that specific properties can be 
changed upon application of an external stimulus such as light, heat, or changes in the pH 
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value. These stimuli-responsive metallopolymers could be affected in many different ways, 
e.g., by redox processes. The group of Peng provided a significant scientific contribution to 
the field of metallopolymers.
[20]
 In a redox reaction, iron(II) was formed from iron(III) by 
using the external stimulus light in order to convert the phase change of an iron 
metallopolymer. By the reversible change of the charged states from iron(III) to iron(II), the 
material was converted into a liquid polymer by simply reducing the iron ions. Zhou and 
coworkers reported a ruthenium-containing polymer with two distinct glass transition 
temperatures. These transitions induced a kind of mobility that is necessary for the self-
healing.
[21-22]
 Chapter 2 provides a detailed insight into the latest research results of self-
healing metallopolymers. 
Many different stimuli can affect a metallopolymer to result in the desired properties. In 
particular, the dynamics of the metal–ligand interaction and the chain mobility in the polymer 
represent key factors for the generation of artificial self-healing metallopolymers.
[8, 23]
 Hence, 
polymers with low glass transition temperatures, bearing triazole-pyridine and bis(terpyridine) 
moieties, were synthesized, characterized and at least utilized as coatings with self-healing 
properties (Chapter 3).  
Next to the application areas mentioned above, many synthetic polymers are presently used 
with success in medicine, e.g., surgery, dentistry and prosthesis.
[24]
 They offer distinct 
advantages of biocompatibility, versatility of chemistry, and the biological properties that are 
significant in the application of tissue engineering.
[25]
 Synthetic polymers are often cheaper 
than biologic scaffolds as they can be produced in large uniform quantities and have a long 
shelftime. Many synthetic polymers show physicochemical and mechanical properties 
comparable to those of biological tissues. They exhibit in general predictable and reproducible 
mechanical as well as physical properties such as tensile strength, fracture toughness, elastic 
modulus, and degradation rate.
[26]
 Mechanical properties like elastic modulus, compression 
modulus, fracture toughness and bending stress are important characteristics to determine their 
use in the body, for example for bone implants, prosthesis materials or dental composites. 
Hence, potential biomaterials have to be evaluated in terms of their biocompatibility, 
mechanical properties and biodegradation to determine if they are suitable for specific medical 
applications.
[27]
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The copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC), also known in literature as a 
type of “click” reaction, represents a powerful tool in modern synthesis chemistry. This 
cycloaddition of terminal alkynes and organic azides is inert to a wide range of reactive 
moieties and functional groups. Among the “click”-type reactions (e.g., Diels–Alder[28],  
thiole-ene reaction
[29]
), the CuAAC is the most appealing since it proceeds in most cases in 
high yields, regioselective and without undesirable side reactions.
[30-31]
 Due to its high 
tolerance to a wide range of building blocks and, generally, with the generation of minor (or 
conveniently separable) by-products it has found a wide range of applications ranging from 
drug discovery over polymer chemistry to materials science.
[31-37]
 Thus, click-chemistry 
represents an important and powerful synthetic tool in chemistry that enables a variety of 
synthetic polymeric materials, e.g., functional and biocompatible polymers. Hence, within this 
thesis the CuAAC was utilized to synthesize new polymeric materials with outstanding 
mechanical and biocompatible features under solvent-free conditions (Chapter 4). As a part 
of this work, different copper salts were evaluated as potential catalysts for thermal- and 
photo-induced polymerization. The mechanical properties of the resulting polymers have been 
investigated. In addition, the polymerization kinetics of the CuAAC in solution were 
examined.  
The CuAAC often generates very high reaction enthalpies in a short time period. That can 
result in a spontaneous release of reaction heat and an uncontrolled reaction progress
[38]
 which 
causes problems, in particular, for biomedical applications of these materials. Due to the 
cytotoxic properties of the copper catalysts it is important to remove the copper residues from 
the resulting polymer.
[31]
 A way to solve these problems is to perform the click-reaction 
without any catalyst. In the last years, significant efforts have been devoted to the 
development of metal-free click reactions.
[39-52]
 Generally, the reactivity of alkynes for the 
click reaction is rather low due to its high electron density at the alkyne functionality. One 
pathway to increase the reactivity of internal alkynes is to reduce its electron density by 
implementing vicinal electron-withdrawing groups, e.g., carbonyl moieties.
[53-55]
 For that 
purpose internal alkynes bearing electron-withdrawing carbonyl moieties have been 
synthesized and utilized for the metal-free click-reaction. On this occasion the exothermicity 
of the catalyst-free click reaction was studied. The mechanical properties and biocompatibility 
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of the resulting polymers were examined in detail, as they represent key factors for a potential 
biomedical use of materials. 
Polyester compounds, such as polymethacrylates, are very promising materials for biomedical 
applications. However, their reliability, strength and fracture toughness excludes their 
application as single material for implants or dental composites due to their weak mechanical 
properties, unless these properties are modified by controlling the stages of syntheses or by 
using additives.
[56]
 There are various additives like hyperbranched polymers,
[57-58]
 fibers,
[59]
 or 
core-shell nanoparticles
[60]
 that can increase the mechanical properties. All these mentioned 
additives cause an enhancement of fracture toughness, however, accompanied by a loss of 
mechanical resistance (i.e. E-modulus). Up to now there is no report in literature about the 
implementation of latex particles into polymer composites that leads to an increase of fracture 
toughness and mechanical resistance at the same time. To overcome that drawback, the 
synthesis of PBA/PMMA core-shell particles and their utilization as tougheners for 
TEGDMA/UDMA polymer blends (Chapter 5) is discussed. Thereby an improvement of 
fracture properties accompanied with an improvement in resistance (E-modulus) was 
achieved.  
Besides this approach, another promising way to influence the mechanical properties is the 
polymerization-induced phase separation (PIPS). The PIPS is characterized by the formation 
of two incompatible phases during the polymerization (i.e. monomer and soluble polymer 
become two incompatible polymer phases). The PIPS method was extensively studied on 
epoxy resins.
[61-64]
 Though the minor addition of rubbers results in an enhancement of fracture 
toughness, however, accompanied by a drop of the E-modulus. In contrast, the addition of 
thermoplastic polymers (e.g., polyetherimides, polyphenylene oxides) leads to an 
improvement of fracture properties without a loss in E-modulus.
[62-63]
 The PIPS was applied 
for methacrylates only scarcely in literature.
[65-68]
 The present examples focus on the 
investigation of polymerization shrinkage and not the effect on the mechanical properties. 
Hence, the PIPS was utilized for improving the mechanical properties of methacrylate based 
composites. Chapter 6 describes the current research approach and outlook for the attempt 
towards an enhancement of mechanical properties of methacrylate composites by PIPS. 
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2. Metallopolymers as an emerging class of self-healing materials 
Parts of this chapter have been published in P1) B. Sandmann, S. Bode, M. D. Hager, U. S. 
Schubert, Adv. Polym. Sci. 2013, 262, 239-257. 
The material properties described in Chapter 1 are the key factors for the generation of a self-
healing behavior in metallopolymers. Examples of self-healing materials based on metal–
ligand interactions can be observed in nature, e.g., in mussel byssus threads. In 2001, Vaccaro 
and Waite studied the ability of mussel byssus threads to heal after an inflicted damage.
[69]
 
This research enabled a more detailed insight into the healing mechanism and the parameters 
that influence this natural system. The authors described the self-healing behavior which is 
based on an interaction between iron(III) ions and 3,4-dihydroxyphenylalanine (dopa).
[70]
 
Thereby, the iron center is able to bind one, two or three catechol-based ligands that are 
attached to the polymer backbone. The number of bond ligands depends on the pH value.
[71-73]
 
At a pH value below 5, the mono-dopa iron(III) complex is formed leading to non-crosslinked 
polymer chains. The resulting polymer exhibits ductile material properties. By increasing the 
pH value above 5, bis- and tris-dopa iron(III) complexes are preferably formed, leading 
gradually to a crosslinked polymer. During that process the material properties of the polymer 
change from a soft, linear polymer to a network with hard mechanical characteristics.
[70, 74-77]
 
This principle occuring in nature could, in principal, be mimicked by synthetic polymers. Up 
to now there is only a limited set of synthetic metallopolymers that have been successfully 
utilized for self-healing purposes based on metal–ligand interactions. The structural moieties 
of metal complexes within self-healing metallopolymers can be distinguished into main-chain 
and side-chain attached systems. Holten-Andersen and coworkers functionalized PEG with 
catechol units at the ends of the polymer chains. In this way the authors were able to show a 
dynamic reversibility of the metal–ligand interaction.[71-72] Besides the iron–dopa interaction, 
also a zinc-histidine system was proven to allow a self-healing behavior in mussel byssus 
threads.
[78-80]
 The hierarchical structured natural material contains collagen fibers as middle 
block flanked by histidine-rich domains; in the presence of zinc ions a reversible crosslinking 
will be triggered.
[80-81]
 The restoration of mechanical properties was demonstrated (Figure 
2.1) and it was possible to construct a model system, based on a PEG star functionalized 
polymer with histidine moieties as a metal-containing hydrogel.
[82-83]
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In 2005, the group of Varghese developed an acryloyl-6-amino caproic acid (A6ACA) based 
hydrogel with self-healing properties.
[84]
 By dipping the polymer into an aqueous copper(II) 
chloride solution it was possible to heal scratches. However, the detailed mechanism and the 
influence of the metal-ligand interactions, potential hydrogen bonds of the solvent medium 
and the mobility of the gel to the healing effect is still unclear. Yuan and coworkers developed 
a self-healing material bearing ligands within the main chain.
[17]
 
 
Figure 2.1 Molecular model of the reversible deformation behavior in mussel byssal threads (reproduced with 
permission ref. [88], Copyright 2014 Springer). 
The polymer was based on polyurethane analogue macromolecules bearing bis(1,2,3-trizol-4-
yl) pyridine units. The complexation of the ligands was performed with zinc(II) and 
europium(III) ions leading to a metallopolymer with self-healing properties. A simplified 
healing mechanism was proposed by an exchange of the ligand macromolecules between two 
adjacent blocks. Although the material allows the formation of hydrogen bonds, their effect to 
the self-healing process as well as a quantification of the self-healing efficiency was not 
investigated and discussed in the publication. 
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Beside that example, the group of Terech developed a self-healing metallopolymer gel which 
contains diterpyridyl moeties. The polymerization was performed by the addition of nickel 
ions and subsequent complexation of the diterpyridyl units.
[85]
 The resulting linear polymer 
exhibited soft mechanical properties and showed a good healing efficiency that can be related 
to the high flexibility of the polymer itself. 
In 2011, Rowan and Weder described the self-healing behavior of a linear metallopolymer, 
triggered by UV light.
[86]
 The polymer consists of poly(ethylene-co-butylene) with two 2,6-
bis(1’-methylbenzimidazolyl)pyridine units at both ends of each polymer chain. The addition 
of zinc di[bis(trifluoromethylsulfonyl)imide] or lanthanum tri[bis(trifluoromethyl-
sulfonyl)imide] leads to a linear metallopolymer. Self-healing within the metallopolymer 
occurs by UV light illumination at a wavelength corresponding to the absorption band of the 
polymer. Due to the energy transfer the temperature within the polymer rose up to 220 °C. The 
supposed mechanism of the self-healing process is based on the reversibility of the metal-
ligand interaction as well as the breakage and recombination of metal-complex clusters 
(Figure 2.2). 
 
Figure 2.2 Proposed optical self-healing mechanism of metallosupramolecular, phase-separated network 
(reproduced with permission from ref. [90], Copyright 2014 Springer). 
Upon cleavage of the metal complexes the mobility within the polymer increases, leading to a 
dynamic motion of the polymers and to self-healing of the inflicted damage.  
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Figure 2.3 Demonstration of the optical healing of a linear Zn-based metallopolymer (reproduced with 
permission from ref. [90], Copyright 2014 Springer). 
After cooling the polymer, the complexes (and clusters) will be reformed resulting in an 
immobilization of the mobile phase and the (complete) healing of the scratch (Figure 2.3). 
Recently the group of Schubert published an example of a self-healing metallopolymer 
coating.
[87]
 A poly(alkyl methacrylate) polymer bearing terpyridine units was crosslinked with 
several iron(II) salts, resulting in insoluble and hard polymer films that show self-healing 
properties. Mechanistic investigations revealed that the decomplexation is not the main 
mechanism. Most likely the self-healing is based on the ionic interactions between the charged 
complexes and the counter-ions (i.e. sulfate). A similar self-healing principle, including 
clusters, is already known for self-healing ionomers.
[12]
 
Even if several basic principles of self-healing metallopolymers have been described in 
literature, a detailed understanding of the process and its prediction is still complicated due to 
the different key factors that play a role (properties of the polymer, binding strength, ionic 
interactions, etc.). The phenomena of reversibility and switchability of metal-ligand bonds in 
solution are well investigated. However, the behavior in the solid state has not been 
investigated thoroughly up to now.
[88-91]
 Therefore, the development of suitable methods for 
understanding the conditions of metal–ligand interactions in bulk represent a challenging task 
for the prospective research, performed within this thesis. 
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3. The development of self-healing metallopolymers (selected examples) 
Parts of this chapter have been published in P2) B. Sandmann, B. Happ, F. H. Schacher, M. D. 
Hager, U. S. Schubert, Macromol. Rapid Comm. 2015, 36, 604-609. 
Beside the examples of self-healing discussed in Chapter 2, the development of novel 
metallopolymers with self-healing properties is an ambitious and still challenging field in 
science. For this purpose, polymers bearing triazole-pyridine complex units in the side chain 
were employed for the development of self-healing materials. The utilization of these 
materials for self-healing applications will be discussed in the following chapters. 
 
3.1. The self-healing potential of triazole-pyridine-based metallopolymers 
As already discussed in Chapter 2, kinetic- and thermodynamic properties of the metal-ligand 
bond are the key factors for the generation of self-healing properties in synthetic 
metallopolymers. Recently published polymethacrylates with terpyridine moieties were the 
first examples for side-chain functionalized metallopolymers with self-healing abilities. These 
materials were crosslinked with iron(II) sulfate, respectively.
[87]
 It was hypothesized that the 
bidentate triazole-pyridine can exhibit comparable complex properties and, therefore, 
represent a potential system for the application in self-healing materials. Happ et al. already 
investigated the complexation properties of 4-(pyridin-2-yl)-1H-1,2,3-triazole with iron(II) 
chloride tetrahydrate and cobalt(II) tetrafluoroborate hexahydrate.
[92]
 
In a follow-up study a novel triazole-pyridine based polymer (P1) was synthesized, 
characterized and successfully utilized to create a self-healing polymer coating. For this 
purpose, the polymer was crosslinked with several divalent metal salts. The self-healing 
efficiency of the metallopolymer-films at different temperatures was investigated by light 
microscopy. For mechanistic studies, SAXS and UV-Vis spectroscopic investigations were 
performed. The Tg of the polymers was determined by DSC measurements. Monomers 1 and 2 
were polymerized using the RAFT polymerization procedure (Scheme 3.1). Effective self-
healing systems in general feature a low glass transition temperature, a high flexibility and 
network mobility.
[87, 93]
 Therefore, laurylmethacrylate was utilized as comonomer. The 
3. The development of self-healing metallopolymers (selected examples) 
19 
 
aliphatic environment of the alkyl chain decreases the glass transition temperature and 
enhances the flexibility of the polymer backbone as well as the network mobility. 
Scheme 3.1 Schematic representation of the synthesis of copolymer P1 and the subsequent crosslinking using 
different metal salts into copolymer networks P1a to P1l. 
Sufficient network mobility in the metallopolymer was ensured by a ligand content of 9% 
(confirmed by 
1
H NMR spectroscopy) and a Tg of –85 °C of copolymer P1 (determined by 
DSC). The influence of different divalent cations and anions on the glass transition 
temperature and the self-healing behavior of the crosslinked copolymers were investigated. 
The crosslinking of copolymer P1 with several transition metal salts led to an increase of the 
Tg for copolymers P1a to P1l to –40 °C. Due to the relative strong complex bond of Fe(II) and 
Co(II) triazole pyridine complexes we mainly focused on the investigation of the 
metallocopolymers formed by these salts. 
Subsequently, the self-healing ability of differently crosslinked copolymers was studied 
(Table 3.1). The crosslinking of copolymer films P1a and P1h was confirmed by means of 
UV-Vis spectroscopy via the increase of the absorption feature of the [FeL3]
2+
 species at  
433 nm and the [CoL3]
2+
 species at 320 nm. Hence, UV-Vis spectroscopy represents an 
appropriate tool to monitor the crosslinking of the copolymers. Two scratches with different 
widths and the same length (Table 3.1) were induced on a film with a scalpel (Figure 3.1).  
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Figure 3.1 Self-healing of the FeCl2-crosslinked copolymer P1a at 75 °C; a) t = 0 h, b) t = 2 h, c) t = 5.5 h,  
d) t = 8.5 h, e) t = 26.5 h and f) t = 50.5 h (white arrows indicate the scratch). 
Preliminary assessments of copolymer P1a showed already a certain self-healing tendency at 
50 °C. Though only small scratches of 96 m length and 10 m width were healed at 50 to  
65 °C. Due to the higher healing performance, the temperature was increased to 75 °C. After 
5.5 hours of annealing the smaller scratch was healed completely. By increasing the healing 
time to 26.5 hours, the larger scratch (length: 1880 m; width: 55 m) was also completely 
restored. The relatively low healing temperature and high healing efficiency can be explained 
by the high mobility and flexibility in the copolymer network P1a. By using FeBr2 as 
crosslinking agent, copolymer P1b showed an efficient self-healing behavior at 100 °C. There 
is only a small effect of the bromine anion to the self-healing efficiency. Detailed information 
is provided in the publication.
[94]
 In case of Fe(OTf)2-crosslinked copolymer P1d, efficient 
self-healing occurred at 75 to 100 °C already within 12 hours (Figure 3.2).  
3. The development of self-healing metallopolymers (selected examples) 
21 
 
 
Figure 3.2 Self-healing of the Fe(OTf)2-crosslinked copolymer P1d (annealing temperature 75 to 100 °C).  
a) t = 0 h, b) t = 3.5 h (75 °C), c) t = 9 h (75 °C) and d) t = 12 h (100 °C) (white arrows indicate the scratch). 
The optimal healing temperature of 100 °C is higher in comparison to copolymer P1a. The 
ability of triflate to act as additional ligand is in general lower than in case of chloride, 
resulting in a less flexible and more rigid network. Due to the higher rigidity of the copolymer 
network P1e the material was not able to selfheal even at elevated temperatures of 130 °C that 
was attributed to the presence of the sulfate anion. 
Besides Fe(II)-salts, four different Co(II)-salts, i.e. CoCl2, CoBr2 Co(BF4)2, and Co(OAc)2, 
were chosen as crosslinker to investigate the influence of the cation on the healing behavior in 
comparison to the Fe(II) salts. Due to the analogy to FeCl2 and FeBr2, we started with CoCl2 
and CoBr2. Both copolymers P1f and P1g revealed a self-healing behavior, however, not 
below 100 °C. Besides, Co(BF4)2 crosslinked copolymer P1h was able to self-heal at  
100 °C (Figure 3.3). 
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Figure 3.3 Self-healing of the Co(BF4)2-crosslinked copolymer P1h. a) t = 0 h, b) t = 48 h (room temperature) 
and c) t = 16.5 h (100 °C) (white arrows indicate the scratch). 
Copolymers P1i to P1l revealed rather weak crosslinking, resulting in a rubbery material like 
the pristine copolymer P1. In case of the Co(OAc)2 crosslinked copolymer P1i, the presence 
of the acetate counter ions led to weaker network formation, probably caused by the presence 
of competing ligands, triazole as well as acetate and, consequently, to inappropriate material 
properties. Cu(II) and Mn(II) were chosen as cations with different complex formation 
properties compared to Co(II) and Fe(II). In both cases chloride was chosen as anion. The 
most promising self-healing results were found for the respective Fe(II) and Co(II) crosslinked 
networks. Copolymer P1l did not reveal any healing behavior below 75 °C. In addition, it 
seems that the metallopolymer irreversibly decomplexes at 100 °C. Also copolymer P1k did 
not show any significant self-healing properties within a temperature range of 75 to 100 °C. 
For structural investigations of the copolymers P1 and P1a to P1l, SAXS investigations were 
performed. Binder already described the formation of clusters as a necessary prerequisite for 
an efficient self-healing behavior of supramolecular materials based on hydrogen bonding.
[11]
 
Bode et al. reported on characteristic domain sizes of 6.3 nm (2) of presumably ionic 
clusters, consisting of iron(II)-terpyridine units as well as the corresponding counter ions. In 
case of CdCl2 crosslinked terpyridine-containing copolymers, 2 values of 1.40° and a 
corresponding domain size of 6.3 nm had been reported.
[93]
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Table 3.1 Overview of the investigated copolymers, crosslinking agents, glass transition temperatures, self-
healing temperatures (SH), reflections observed in X-ray investigations, and crack dimensions (
S
= data shown in 
publication; *= data not shown). 
Polymer Crosslinking 
agent 
Glass 
transition 
temperature 
[°C] 
SH temper-
atures [°C] 
Healed 
crack 
dimensions 
(length/ 
width) [m] 
2 theta 
[°] 
(SAXS) 
d [nm] 
(SAXS) 
P1 - – 85
S
 - - -S - 
P1a FeCl2 – 40
S
 50 to 100 
1880/34 and 
55 
1.51
S
 5.8 
P1b FeBr2 – 40
S
 75 1660/18 1.52S 5.8 
P1c Fe(OAc)2 – 40* no SH - -
S
 - 
P1d Fe(OTf)2 – 40
S
 75 to 100 2170/42 1.51S 5.8 
P1e FeSO4 – 40* no SH - 1.13* 7.8 
P1f CoCl2 – 40
S
 75 to 100 1370/20 1.51* 5.8 
P1g CoBr2 – 40
S
 75 to 100 627/18 1.53S 5.8 
P1h Co(BF4)2 – 40
S
 100 1470/23 1.58* 5.6 
P1i Co(OAc)2 – 40
S
 no SH - 1.12* 7.9 
P1k MnCl2 – 40
S
 no SH - 1.47* 6.0 
P1l CuCl2 – 40
S
 no SH - 1.41* 6.3 
Regarding the triazole-pyridine metallocopolymers P1a to P1l, domain sizes from 5.8 to  
7.9 nm were observed (Table 3.1). All materials showing self-healing behavior (P1a, P1b, 
P1d, P1f, P1g, and P1h) exhibited distinct broad reflections at 2 values of 1.51 to 1.58°. 
These signals correspond to domain sizes of 5.6 to 5.8 nm. For 2 no self-healing 
behavior was observed. These findings are in accordance with the previously investigated 
terpyridine polymers. A SAXS-signal, i.e. an ordered structure (presumably ionic clusters), 
seems to be a prerequisite for successful self-healing.  
In summary, a statistical copolymer of triazole-pyridine methacrylate with lauryl methacrylate 
was synthesized by RAFT polymerization. The copolymer was crosslinked with several 
transition metal salts. Fe(II) and Co(II) crosslinked metallocopolymers was utilized for self-
3. The development of self-healing metallopolymers (selected examples) 
24 
 
healing studies. UV-Vis spectroscopy was applied as a straight-forward method for the 
confirmation of successful crosslinking within FeCl2- and Co(BF4)2-based metallopolymer 
films. X-ray investigations revealed characteristic domain sizes of 5.8 to 7.9 nm. A relation 
between the presence of presumably ionic clusters and a self-healing tendency of the 
respective materials could be established. Moreover the influence of the anion on the self-
healing behavior was evaluated. For Fe(II) and Co(II) crosslinked polymers, chloride salts 
revealed the most promising self-healing behavior. The required healing temperature depends 
on the salt used for crosslinking and was found to be between 50 and 100 °C, (with healing 
times between 5.5 and 26.5 hours). The facile and efficient monomer and polymer synthesis 
enables this class of metallopolymers for a wide field of applications in the area of self-healing 
materials. 
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4. Click-chemistry as a tool towards functional- and biocompatible 
polymers 
Part of this chapter have been published in P3) B. Sandmann, B. Happ, M. D. Hager, J. Vitz, 
E. Rettler, P. Burtscher, N. Moszner, U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem. 
2014, 52, 239–247. P4) B. Sandmann, B. Happ, J. Vitz, M. D. Hager, P. Burtscher, N. 
Moszner, U. S. Schubert, Polym. Chem. 2013, 4, 3938-3942. P5) B. Sandmann, B. Happ, J. 
Vitz, R. M. Paulus, M. D. Hager, P. Burtscher, N. Moszner, U. S. Schubert, Macromol. Chem. 
Phys. 2014, 215, 1603-1608. P6) D. Pretzel, B. Sandmann, M. Hartlieb, J. Vitz, S. Hölzer, N. 
Fritz, N. Moszner, U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem. 2015, in press (DOI: 
10.1002/pola.27676). 
 
4.1. Efficient Cu(I) acetate-catalyzed cycloaddition of multifunctional alkynes and 
azides: From solution to bulk polymerization 
Solvent-free click reactions of polymeric compounds and polymerizations by CuAAC, 
respectively, were rarely studied.
[44]
 The following section describes the neat bulk CuAAC 
polymerization of multifunctional azides and alkynes (depicted in Scheme 4.1). 
Scheme 4.1 Schematic representation of the CuAAC of alkynes and multifunctional azides. 
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In a study of different copper(I) salts as potential catalyst systems, the “simple” copper(I) 
acetate showed unexpectedly the highest reactivity. The kinetics of the CuAAC 
polymerization was investigated by size exclusion chromatography in solution. Additionally 
polymerization kinetics were investigated by 
1
H NMR spectroscopy. For further details, the 
reader is referred to the publication. Moreover, the click-polymerization was also investigated 
in bulk. The mechanical properties of the resulting polymers were studied by nano-
indentation. First, different Cu(I) sources have been studied in order to identify a highly 
efficient catalyst for the solvent-free cycloaddition (Scheme 4.1). For the screening of 
different copper salts monomers 3 and 8 were chosen as model system. The amount of catalyst 
was varied from 0.5 to 2 mol%. The catalyst efficiency was correlated with the temperature 
shift of the exothermic click reaction, whereby the non-catalyzed reaction served as a 
reference (temperature onset at 70 °C). It was assumed that in case of a larger shift of the DSC 
curve to lower temperatures, the catalyst contribution to the reaction is higher. The higher 
contribution to the reaction results at least in a higher copper catalyst efficiency. The 
integration of the individual peaks provides the reaction heat H, generated during the 
reaction. The reaction heat H of the polyaddition was in the range of 560 kJ∙mol-1. In case of 
the CuAAC polyaddition of tetraethylene glycol diyne and bisphenol A bisazide as well as 
tetraethylene glycol diyne/bisphenol E bisazide the reaction heat is in the range of 396 to 419 
kJ∙mol-1 by applying different catalysts.[95] The commonly used copper salt Cu(TBTA)BF4 and 
Cu(CH3CN)4BF4 revealed a relatively low-temperature shift. Hence, the reaction mainly 
proceeds uncatalyzed and shows only a minor contribution of the catalyst. In case of 
Cu(PPh3)3Br, there is a significant shift of the onset temperature from 95 °C (no catalyst) to  
75 °C with a catalyst concentration of 1.0 mol%. When a concentration of 1.0 mol% is used, 
the reaction seems to be mainly driven by the catalyst. However, there is still a copper-free 
contribution to the reaction that is depicted in a small shoulder next to the main peak. The 
amount of added catalyst has a remarkable effect on the initiation temperature. The non-
catalyzed reaction starts at 90 °C and can be lowered to at least 45 °C (2.0 mol% CuOAc). 
This catalytic system showed the highest efficiency and may lead to carbonization at room 
temperature.  
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Figure 4.1 SEC analyses of the polymerization processes (DMSO-D6, DMF-D7, 1.5 mol% CuOAc, 32 °C) of the 
TEG-(N3)2 and the urethane-bisalkyne monomers. a) deuterated dimethyl sulfoxide and b) deuterated DMF as 
solvents. 
In order to obtain information on the kinetics and the achievable molar masses of the CuAAC, 
SEC studies were performed using DMSO-d6 and DMF-d7 as solvent. The reaction of 
bifunctional monomers 3 and 8 (Scheme 4.1) served as a model system, whereby an 
equimolar monomer ratio was used. The molar monomer ratio was 1:1. The reactions were 
performed at 32 °C with a CuOAc concentration of 1.5 mol% in each solvent. In deuterated 
dimethylformamide, the reaction progress did not significantly change after 180 min and in 
deuterated methanol after 260 min (Figure 4.1), respectively. After 10 min reaction time, a 
slight increase of oligomeric reaction products is noticeable in case of DMF (Figure 4.1) 
correlating with a decrease of monomer concentration (elution volume of 11.4 mL). After a 
reaction time of 80 min (DMF) polymers are formed. In case of DMSO as solvent, the reaction 
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tends to the formation of oligomers after a reaction time of 5 min. After 300 min, the molar 
masses did not increase further. In DMF molar masses (Mn) of 17,000 g mol
-1
 (Ð = 1.76) can 
be observed corresponding to a degree of polymerization (DP) of 33. In contrast to DMF 
molar masses of 166,000 g∙mol-1 (Ð = 2.40) were obtained with a DP of 318 in DMSO. The 
relative high molar masses achieved in DMSO in comparison to DMF can be explained by the 
higher solubility of the polymer and catalyst in DMSO. 
Table 4.1 Composition of polymers, catalyst concentrations, and corresponding E-Moduli. 
Polymer Monomer 
I 
Monomer 
II 
Monomer 
III 
CuOAc concentration 
[mol%] 
Indentation 
modulus [GPa] 
P2a 4 8 5 0.25 6.25 ± 0.4 
P2b 4 6 - 0.25 5.78 ± 0.14 
P2c 4 7 - 0.25 5.6 ± 0.5 
For the polymerization, alkyne 4 was activated by stirring with 0.25 mol% CuOAc for several 
hours. Afterwards, the azide was added to the monomer/catalyst mixture. The CuAAC 
reactions were performed under inert conditions for 24 h at room temperature and 
subsequently heated to 50 °C on a heating plate to maximize the conversion rate. The 
mechanical properties of the polymers were correlated with the azide conversion of the 
monomer by ATR-IR. The reaction progress was followed by the change of the azide 
absorption band at 2100 cm
-1
 and azide conversions rates of >95% could be achieved in all 
cases. With a quantitative azide conversion polymer P2b exhibited an E-modulus of  
5.78 ± 0.14 GPa (Table 4.1). Unexpectedly, choosing a more flexible monomer 7 leads to an 
indentation modulus of 5.6 ± 0.5 GPa (P2c). With polymer P2a, the network density is 
believed to be increased and a maximum of 6.25 ± 0.4 GPa could be achieved. 
The polymerization of tripropargylamine, 3-(2-methyl-3-(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-
yloxy)methyl)propoxy)prop-1-yne, and 3-(3-(prop-2-yn-1-yloxy)-2,2-bis((prop-2-yn-1-yloxy) 
methyl)propoxy)prop-1-yne with 1,2-bis(2-azidoethoxy)ethane resulted in soft materials with 
a low E-modulus. The reader is referred to the publication for further details.
[38]
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By applying different Cu(I)-salts for the solvent-free click-polyaddition, CuOAc was 
identified as the most efficient catalyst. The achievable molar masses by using the CuAAC 
strongly depended on the solvents and the solubility of the polymers. For DMSO-d6, molar 
masses (Mn) of 166,000 g mol
-1
 could be achieved in comparison to DMF-d7 where only molar 
masses of 17,000 g mol
-1
 were obtained. The obtained elevated indentation moduli make these 
polymers interesting for a variety of applications. 
 
4.2. Photoinduced polyaddition of multifunctional azides and alkynes 
The photoinduced CuAAC requires a Cu-(I) catalyst that can be generated by several 
approaches. A common method includes the in situ photoreduction of Cu
II
 to Cu
I
. 
Photoinduced reduction of copper(II) sources can be performed by either direct or indirect 
photolysis. The main drawback of the direct photolysis, in comparison to the indirect 
photolysis, are undesired side-reactions and byproducts.
[96-98]
 In this work, several copper(II) 
salts were tested towards facilitating a photoinduced polymerization of multifunctional azides 
and alkynes by CuAAC without using a radical-generating photoinitiator. The E-modulus of 
the materials was determined by nano-indentation measurements. The aim was to reduce 
copper(II) to copper(I) ions by light excitation and, consequently, to gain control over the 
initiation of the polyaddition. 
Scheme 4.2 Schematic representation of the photo-induced CuAAC of alkynes 9 and 10 with azide 11. 
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The monomers depicted in Scheme 4.2 were used to engineer different model systems with an 
average functionality equal or greater than two. The bifunctional system consisting of 1,2-
bis(2-azidoethoxy)-ethane and di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-1,6-diyl)- 
dicarbamate served as a model system in order to study the solubility of different copper(II) 
salts in a neat reaction regime. Di--hydroxo-bis[(N,N,N’,N’-tetramethylethylenediamine)- 
copper(II)] chloride (Cu[TMEDA]Cl2) and copper(II) triflate have emerged to be soluble in 
the neat bifunctional system. However, these salts were unable to launch the copper-catalyzed 
polyaddition when irradiated with light. The only copper(II) salt being photocatalytically 
active without additional photoinitiator was copper(II) acetate. However, a solvent e.g. 
methanol or DMF has to be present (weight fraction greater than 15%). The curing of the 
polymer was optimized by an appropriate adjustment of the photocatalysis conditions in the 
Kulzer device (catalyst and solvent content). A copper(II) acetate content of 2.5 mol% had to 
be used in order to successfully polymerize at an irradiation time of 180 s. Concentrations 
exceeding 5 mol% led to carbonization of the reaction mixture. The photopolymerization 
usually yielded yellow-brownish polymers, which were insoluble in common organic solvents. 
Hence, the obtained materials could not be studied by NMR spectroscopy or size exclusion 
chromatography. ATR-IR provided the monomer conversion by using the asymmetric azide 
vibration at 2101 cm
-1
. The monomer conversion exceeded 95% at a catalyst concentration of 
2.5 mol%. The mechanical properties of the photo-polymerized specimens with the monomers 
9 and 11 were correlated with the monomer conversions obtained by ATR-IR spectroscopy. If 
the monomer conversion fell below 90% (catalyst concentration <2.5 mol%) the specimens 
were too soft for indentation measurements. The polymerization resulted in a hard, 
homogeneous material (E-modulus: 1.6 GPa ± 0.1 GPa) with a monomer conversion of 95%. 
Thereby, a small amount of MeOH as solvent was used. A commercial polycarbonate polymer 
(Hysitron PC standard 5-218, Er = 2.95 GPa) was used a reference system and an average 
indentation modulus of 3.1 ± 0.2 GPa was determined. The photo-induced polymerization of 
the difunctional azide 11 and tripropargylamine can only be carried out in solution using at 
least 15 wt% of methanol; otherwise precipitation of the catalyst occurred. Similar 
observations for the catalyst behavior (solubility and catalytic activity) were retrieved as for 
the bifunctional system. However, the threshold limit value of the catalyst concentration for 
almost quantitative monomer conversion dropped to 0.7 mol%; the trifunctional alkyne turned 
out to be more reactive than the bifunctional one. Uncontrollable reaction rates and 
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carbonization has been already observed at copper(II) acetate concentrations of 2.5 mol%. 
When stirring a methanolic solution of the monomer mixture 10 and 11 with Cu(OAc)2 (0.7 to 
2.5 mol%) a color change from turquoise to colorless takes place within a few minutes. The 
catalyst activity highly depends on the color status and reaches its maximum at the colorless 
state. The polymerization proceeds quantitatively and resulted in a colorless polymer with an 
average indentation modulus of 0.17 ± 0.03 GPa. Furthermore, an overall decrease of the 
indentation modulus with the increasing depth of indentation was observed revealing an 
increase in softness of the material. 
Among several copper(II) salts only copper(II) acetate is capable of facilitating the photo-
induced copper(I)-catalyzed polymerization of multifunctional azides and alkynes by the 
photo-reduction of copper(II) to copper(I) ions without any additional photoinitiator. The 
copper(I)-catalyzed azide–alkyne polyaddition can only be carried out in solution using at 
least 15 wt% of a solvent. Depending on the catalyst concentration in the different reaction 
regimes (bifunctional azide/bifunctional alkyne, bifunctional azide/trifunctional alkyne, 
bifunctional azide/tetrafunctional alkyne) quantitative monomer conversions can be achieved 
whereby the controllability of the polymerization decreases with higher functionality. A 
quantitative conversion allowed the determination of the E-modulus by nano-indentation. The 
bifunctional system consisting of a bis-azide and bis-alkyne revealed the highest value of 1.6 
GPa. In future the development of hybrid-systems including a polymerizable solvent and the 
azide–alkyne photosystems will be in the focus. 
 
4.3. Metal-free cycloaddition of internal alkynes and multifunctional azides under 
solvent-free conditions 
Two different classes of electron-deficient internal alkynes have been chosen to study the 
influence of the substitution pattern of the alkynes, namely acetylene dicarboxylates as well as 
an alkyne-based ketone. At least bifunctional monomers are required for the polyaddition with 
the corresponding azides. Therefore, oligoesters based on the acetylene dicarboxylate and 
glycol as well as hexanediol have been synthesized. These materials were prepared via a 
transesterification of diethylene dicarboxylate with the corresponding diol (Scheme 4.3). 
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Scheme 4.3 Schematic representation of the metal-free click reaction of alkynes and multifunctional azides. 
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The acetylene dicarboxylate was used in a slight excess (1.22:1). As a consequence, only 
oligomers were obtained and the end-group of the resulting oligoesters were ethylesters. The 
theoretical DP was 10; the SEC measurements revealed for both oligomers DPs of around 10. 
The alkyne ketone 14 was synthesized in a reaction of diethynylbenzene and ethyl acetate 
(Scheme 4.3). The reaction temperature and the reaction enthalpies of the metal-free 
polyadditions of the internal alkynes 12 to 14 and the corresponding azides were investigated 
via DSC.  
Table 4.2 Composition and E-modulus of the polymer networks and reaction enthalpies of the metal-free 
polyadditions. 
Polymer Monomer I Monomer II ΔH [kJ∙mol
-1
] Indentation modulus 
[GPa] 
P3 12 15 - 2.5 ± 0.20 
P4 13 17 - 1.54 ± 0.17 
P5 13 16 - 1.58 ± 0.24 
P6 13 18 – 278 material too soft 
P7 14 15 – 284 - 
The integration of the individual peaks provided the reaction heat ΔH generated during the 
reaction. For the polymerization of monomers 13 and 18, a reaction heat of –278 kJ∙mol−1 was 
measured and the polymerization already initiated at a temperature of 5 °C. In contrast, the 
reaction of the bis-alkyne 14 with azide 15 started at a temperature of 40 °C. An enthalpy of  
–284 kJ∙mol−1 was generated during the polymerization. In contrast, the reaction heat of the 
Cu(I)-catalyzed click reaction of 1,2-bis(2-azidoethoxy)-ethane and di(prop-2-yn-1-yl)(2,2,4-
trimethylhexane-1,6-diyl)dicarbamate with different copper(I) salts is in a range of –315 to  
–526 kJ∙mol−1.[38] The reactivity and the required reaction temperature of the used monomers 
can be tuned by the substitution pattern. Reasonable temperatures (75 to 130 °C), particularly 
for the oligoesters, can be used for the polyaddition in bulk materials in order to harden these 
materials. The alkyne monomers 12 to 14 and the corresponding azides 15 to 18 have been 
utilized for the polyaddition (Scheme 4.3). The DSC measurements revealed that both alkyne 
monomers showed sufficient reactivity at 100 °C. Therefore, the click reactions were 
performed for 24 h at this temperature in order to achieve a quantitative azide conversion. The 
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reaction progress was followed by ATR-FT-IR spectroscopy. The change of the azide 
absorption band at 2100 cm
−1
 correlates to the monomer conversion. For all of the investigated 
monomer pairs, a conversion between 80% and 100% of the azide moieties was achieved 
under the applied reaction conditions. The mechanical properties of the synthesized polymer 
networks were investigated via depth-sensing indentation. The E-moduli of the resulting 
polymers are depicted in Table 4.2. Polymer P3 exhibited an E-modulus of 2.5 ± 0.20 GPa. 
The indentation moduli of the polymers P4 (1.54 ± 0.17 GPa), P5 (1.58 ± 0.24 GPa) and P7 
were lower than for polymer P3 due to the more flexible monomer 13 and a lower azide 
conversion of about 80%. The aliphatic monomer 18 decreases the network density as well as 
rigidity in contrast to the aromatic azides. Consequently, a softer and more flexible material 
was obtained. Due to the softness of polymer P6 indentation measurements were not possible. 
By attaching electron-withdrawing carbonyl moieties to the adjacent alkyne functionalities, it 
was possible to increase the reactivity of the alkyne monomers for the metal-free azide–alkyne 
cycloaddition under solvent-free conditions. Thereby, the reaction temperature of the 
polymerization of the alkynes 13 and 14 with the azides 18 and 15 could be lowered to at least 
5 and 40 °C. For the CuAAC, highly efficient catalysts are used which often leads to a release 
of high reaction enthalpies in a short time period.
[38]
 By performing the click reaction with 
electron-poor internal alkynes, the exothermicity was reduced to a value of –278 and –284 
kJ∙mol−1, respectively. The polyaddition reaction of oligomers 12 and 13 with the bis-alkynes 
15, 16, and 17 results in hard polymer resins with a maximum E-modulus of 2.5 ± 0.20 GPa. 
These moderate mechanical properties and the absence of catalyst make these polymers 
especially interesting for biomedical applications. 
 
4.4. Biological evaluation of 1,2,3-triazole based polymers for potential applications as 
hard tissue material 
In the Chapter 4.3, the synthesis of cross-linked 1,2,3-triazole based polymers and their 
resulting mechanical characteristics showed excellent properties for the production of hard 
scaffolds for biomedical applications, including prosthetic materials, scaffolds for tissue 
engineering, bone cements as well as parts of medical devices and disposable supplies.
[99]
 In 
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the development of new synthetic hard polymer materials, cell culture based test are the first 
step to determine the biocompatibility. Hence, in vitro tests were conducted investigating the 
toxicity of monomers, polymeric bulk material as well as extracts from polymerized samples 
using L929 mouse fibroblasts, representing a standard cell line for named tests. The materials 
described in this chapter consist of oligomeric alkynes, multifunctional azide cross-linkers, as 
well as their resulting polymers, respectively (Scheme 4.4). In order to investigate the 
influence of the length of this building block, two oligoesters with different molar masses (Mn) 
and dispersities (Ð) were synthesized (19 (Mn = 1058 g mol
-1
; Ð = 2.68), 20 (Mn = 1850 
g∙mol-1; Ð = 1.66). Besides the influence of the substitution pattern (21 vs. 24) and the number 
of azide groups per monomeric unit (21 vs. 22), the role of the hydrophilicity of the monomer 
was investigated by using triethylene glycole bis-azide (TEG-N3) (23). 
For the production of scaffolds by metal-free cycloaddition, both, alkyne and azide were 
mixed at room temperature using an equimolar ratio of both functional moieties and 
subsequently polymerized at 100 °C for 24 h.
[99]
 The azide conversion was followed by ATR-
IR spectroscopy, monitoring the change of the absorption band at 2100 cm
-1
. Conversions 
between 60 and 80% were achieved for all of the investigated monomer pairs under the 
applied reaction conditions. Table 4.3 displays the used component combinations and the 
resulting analytical data. For all investigations P16 (a commercial cross-linked dimethacrylate 
duromer) was used as a reference. The mechanical properties of the synthesized polymer 
networks were investigated via depth sensing indentation (DSI). Unexpectedly, the influence 
of the length of the alkyne oligomer is negligible, as expressed by the comparison of P8 to 
P11 that were polymerized using 19 with their corresponding 20 adduct (P12 to P13). 
However, the substitution pattern has an impact, as scaffolds produced using 21 have a 
significantly increased E-modulus compared to 24. As expected, the utilization of 23 (TEG-
N3), yields networks with an E-modulus three orders of magnitude lower than all other 
substrates according to literature reports.
[99]
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Scheme 4.4 Schematic representation of the metal-free click reaction of alkynes 19 and 20 with multifunctional 
azides 21 to 24. 
Table 4.3 Composition and analytical data of the polymer networks. 
Polymer Alkyne Azide Azide conversion 
[%] 
Indentation 
modulus [GPa] 
Cellular growth density 
[%, referring to P16] 
P8 19 21 78 2.41 ± 0.32 45 
P9 19 22 60 3.09 ± 0.27 114 
P10 19 23 72 0.008 ± 0.002 87 
P11 19 24 71 1.95 ± 0.07 33 
P12 20 21 66 2.51 ± 0.09 68 
P13 20 22 62 2.58 ± 0.12 26 
P14 20 23 67 0.01 ± 0.006 78 
P15 20 24 80 1.19 ± 0.10 108 
P16 - - - 3.74 ± 0.23 100 
The in vitro cytotoxicity experiments were performed on the basis of the well-known XTT 
assay using L929 mouse fibroblasts, according to DIN ISO 10993-5. First, the cytotoxic 
potential of the monomers used for the polymerization was tested in order to determine a 
possible undesired biological side effect of residual (non-reacted) monomers remaining in the 
polymerized samples (Figure 4.2A). After 24 h of incubation with different concentrations of 
the educts (19 to 24), the metabolic activity of cells was found to be drastically reduced in the 
case of the alkynes 19 and 20 as well as for the aromatic azides 21, 22 and 23 displaying a 
concentration dependent inhibition of the cell metabolism. Alkyne 20 and azides 21, 22 and 24 
resulted in a reduction of the cell viability under the defined border to cytotoxicity of 70% in a 
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concentration from 3 to 0.3 mg mL
-1
, lower substance concentration around 0.06 mg mL
-1
 
were tolerated by the cells. In contrast, alkyne 19 showed cytotoxic potential at all analyzed 
concentrations. Exclusively cells treated with azide 23 displayed a metabolic activity on the 
level of the untreated controls that proves the absence of a toxic effect mediated by the TEG 
bis-azide (23). These results indicate that a significant amount of unbound monomer within 
the final scaffolds would lead to materials incompatible with biological systems. However, as 
the viability of cells treated with 23 shows the presence of azide groups does not necessarily 
lead to a significant cytotoxic effect. While salts such as sodium azide display potent toxins 
via the inhibition of the cytochrome C oxidase
[100]
 by the azide anion, covalently bond azides 
cannot dissociate within a biological environment. 
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Figure 4.2 Cell viability of L929 mouse fibroblasts after 24 h incubation with different concentrations of the 
monomers 19 to 24 (A); extracts of fine grinded polymer powders P8 to P16 (B). Cells incubated with pure 
culture medium served as control. Data are expressed as mean ± SD of six determinations. 
It is rather likely that the chemical structure of the azide containing molecules plays an 
important role in their cell biological behavior. In particular, the hydrophobic nature of the 
aromatic hydrocarbons in 21, 22 and 24 presumable provoke a harmful interaction with 
cellular membranes as indicated by the drastic reduction of the cell viability. A similar reason 
might be responsible for the cytotoxic effects of the alkynes 19 and 20, which are highly 
hydrophobic due to their nonpolar character. Interpreting these results, the monomers by 
themselves (except 23) are of potential harmful character and need to be absent in their 
unreacted form in the final polymeric material. Otherwise a reduced biocompatibility can be 
expected. In order to examine this assumption the resulting materials P8 to P15 including the 
reference material P16 were screened for their impact on cellular integrity. First investigations 
were conducted using aqueous extracts of grinded polymers. The extracts were directly 
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incubated with L929 mouse fibroblasts for 24 h followed by performance of the XTT viability 
assay. This approach enables the efficient extraction and effect-detection of potentially 
remaining educts within the polymerized samples. As depicted in Figure 4.2B all extracts 
resulted in an acceptable viability rate above 70% in the case of undiluted extract samples, 
approaching the level of the untreated control with increasing dilution steps. Interestingly, the 
resulting viability rates after incubation with the polymerized samples P8 to P15 showed a 
similar profile like the reference material P16 thus proving the good biocompatibility of the 
extracts derived from the newly polymeric materials. It has to be noted, that the concentrations 
generated by the extraction method are far above the values which can be expected by simple 
exposure of substrates to water, rendering the cytotoxicity results highly promising. 
To confirm the general biocompatibility of the click scaffolds, a live/dead microscopy study of 
cells that were seeded onto films consisting of the materials P8 to P16 was performed. 24 h 
after cell seeding, the materials were washed to remove non-adherent cell bodies and analyzed 
microscopically. The transparent character of the samples enabled capture of phase contrast 
micrographs, which showed that L929 mouse fibroblast cells attach onto the polymeric 
surfaces and display morphologies of adherent viable cells. The cell viability was further 
investigated using Hoechst/Fluorescein diacetate (FDA)/propidium iodide (PI) live/dead 
staining, which gave information about the cell-membrane integrity (exclusion of red 
fluorescent PI from cell nuclei that were additionally tagged by Hoechst dye) and the viability 
(strong green fluorescence of FDA in cytoplasm) (Figure 4.3).  
The absence of the red fluorescence of PI in all pictures and the successful FDA staining prove 
the excellent cytocompatibility of used click scaffolds. The bright field images also give an 
indication about the surface roughness of click substrates which is pronounced for P13 to P16. 
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Figure 4.3 The panels display the viability and morphology of L929 cells after incubation on polymer films for 
24 h. An overlay of representative bright field and fluorescence microscopy images of cells on the scaffolds P8 to 
P16 is depicted. Blue fluorescent Hoechst dye labels nuclei of all cells present, green fluorescence from FDA 
tags viable cells while red fluorescent PI signals originates from nuclei of dead cells. Bright field images also 
give an indication about the surface roughness of the click substrates, as well as P16. 
To assess quantitative information of the cellular growth on distinct materials, representative 
sections of micrographs were subjected to cell counting. The results were referred to the 
growth density obtained from P16 (Table 4.3). No clear trend is visible comparing the results 
to the elastic moduli, conversions or the use of distinct monomer combinations. However, P8 
and P13, which show a significantly reduced growth density also have an increased surface 
hydrophilicity compared to the other substrates. Hydrophilic surfaces are known to repel 
microorganism due to a prevention of attachment.
[101]
 The growth density on the substrates P9 
and P15 exceeds the value obtained for the reference material P16 rendering these substrates 
particularly suitable for the productions of hard tissue replacements. The observed 
biocompatibility of the 1,2,3-triazole based polymers P8 to P15 is in accordance with 
literature values, stating a non-toxicity of many poly(triazole) containing structures, mainly 
designed in the pharmaceutical field, e.g., as a tool for drug discovery for cancer treatment.
[102-
103]
 Due to its chemical composition, the triazole units are not subject to metabolic degradation 
and are stable in typical biological conditions, which are usually of aqueous and mildly 
reducing nature.
[104-105]
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In summary, the cell study on the click monomers clearly revealed a cytotoxic potential of the 
alkynes and aromatic azides used in this study, exceptionally the TEG like bis-azide turned out 
to be cytocompatible at all applied concentrations. Further investigations on the final polymer 
samples neglected the hazardous character of the educts and presented a polymeric material 
which exhibits highly biocompatible character in its bulk format as well as in the contact of 
cells with aqueous polymer extracts. Cells grown on the scaffolds were analyzed regarding 
their viability and growth density. All polymers show good biocompatibility with various 
growth densities of L929 fibroplasts. Nevertheless, in view of the development of new 
synthetic hard polymer materials, the in vitro assays based on cell culture models described in 
this chapter display only the first step to determine the biocompatibility of a material. Before a 
potential clinical application of the described materials, additional tests have to be performed, 
including mainly in vivo animal models for the determination of acute and (sub-) chronic 
toxicity, genotoxicity, carcinogenicity, reproductive/developmental problems, neurotoxicity, 
immunotoxicity as well as the presence of endotoxins in the final product.  
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5. Core-shell nanoparticles as tougheners for methacrylate based 
composites 
Part of this chapter have been / will be published in P7) B. Sandmann, B. Happ, I. Perevyazko, 
T. Rudolph, F. H. Schacher, S. Hoeppener, U. Mansfeld, M. D. Hager, U. Fischer, P. 
Burtscher, N. Moszner, U. S. Schubert, Polym. Chem. 2015, in press (DOI: 
10.1039/C4PY01544D). 
This chapter reports the synthesis of core-shell nanoparticles consisting of an ethylene glycol 
dimethacrylate (EGDMA) crosslinked soft poly(butyl acrylate) PBA core and a hard 
poly(methyl methacrylate) PMMA shell in a three step emulsion polymerization. In some 
cases the shell was additionally crosslinked with triethylene glycol dimethacrylate 
(TEGDMA). The particle sizes and morphologies were investigated by dynamic light 
scattering (DLS), cryogenic-transmission electron microscopy (cryo-TEM) and analytical 
ultracentrifugation (AUC) experiments. Particles were dispersed in a resin mixture of 
TEGDMA and urethane dimethacrylate (UDMA) and were subsequently photo-polymerized 
(Scheme 5.1). The mechanical properties of the resulting polymers were investigated in three-
point bending tests. The compositions and types of lattices are shown in Table 5.1.  
Scheme 5.1 Schematic representation of the core-shell nanoparticle synthesis and their incorporation into a 
TEGDMA/UDMA based composite. 
In the first step, EGDMA crosslinked polymer seeds (latex L1) with an average particle size of 
70 nm (determined by AUC) and 86 nm (determined by DLS), respectively, were synthesized. 
Subsequently, seed particles were used for the synthesis of the polymer cores. The sizes of the 
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resulting particles revealed an increase in size up to 114 nm for latex L3. For latex L2 there is 
only a minor size increase concluded from the DLS (106 nm) and, in particular from the AUC 
(89 nm) results. In the last synthesis step, crosslinked and non-crosslinked polymer shells were 
attached to the polymer cores, resulting in the lattices L4 to L9. Thereby, particle sizes of 144 
to 234 nm (determined by DLS) or 115 to 220 nm (determined by AUC), respectively, were 
achieved. Different crosslinked and non-crosslinked core-shell particles with particle sizes 
between 160 and 220 nm (acc. to AUC) were synthesized in a three step emulsion 
polymerization. Particle sizes and shapes were investigated by cryo-TEM and were discussed 
in detail in the attached publication. The average values of the sizes and corresponding 
densities are summarized in Table 5.1. The corresponding average sizes of lattices obtained 
by AUC and DLS are in good agreement. The largest particles with a size of 220 nm were 
observed for sample L8 (core/shell ratio: 10/90). Moreover, the value of the density has as 
well reached its maximum of 1.19 g∙cm-3 for the sample L8. As a second method, DLS was 
used to investigate the different particles concerning their sizes. 
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Table 5.1 Latex particle composition, average hydrodynamic diameter of latex particle (determined by DLS 
(d
DLS
) and analytical ultracentrifugation (d
AUC
)) and concentration of core-shell particles in test specimens. 
Latex Core/Shell 
Ratio 
Crosslinker content 
of polymer shell 
[%] 
d
DLS
 
[nm] 
d
AUC
 
[nm] 
Test 
specimen 
Latex conc. in 
test specimens 
[wt%] 
L1 – – 86 70 –  
L2 – – 106 89 –  
L3 – – 114 115 –  
L4 (30/70) – 160 180 TS1 9 
L5 (30/70) 2 166 170 TS2 3 
L5 (30/70) 2 166 170 TS3 6 
L5 (30/70) 2 166 170 TS4 9 
L6 (30/70) 4 166 160 TS5 9 
L7 (30/70) 8 164 160 TS6 9 
L8 (10/90) – 234 220 TS7 9 
L9 (50/50) 4 144 140 TS8 9 
– – – – – TS9 0 
The apparent hydrodynamic diameter (<dh,app>) determined via DLS revealed a size of 86 nm 
for the seeds (L1), while for the first core (L2) a size increase up to 106 nm could be observed 
via DLS (Table 5.1). However, AUC showed a smaller increase in diameter up to 89 nm. For 
core L3, the results were in good agreement for both methods (DLS and AUC) and a 
significant shift to higher hydrodynamic diameter from 70 to 115 nm confirmed the successful 
formation of an additional PBA layer. In further steps different compositions/ratios of 30/70 
and 50/50 were applied to the cores (L2 and L3). The size distributions (determined by DLS) 
showed an increase of the hydrodynamic diameter, after attaching the polymer shell to core 
L3, of 52 nm (L5 and L6), 50 nm (L7) and 30 nm (L9), respectively. For core L2 size 
increases up to 54 nm (L4) and 128 nm (L8) were observed. In direct comparison of core-shell 
lattices L5, L6 and L7 there is no significant influence of the TEGDMA crosslinker to the 
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sizes of the resulting core-shell lattices. The increasing size after shell-attachment can be 
correlated to the amount of MMA added and at least to the different core/shell ratios for all 
core-shell particles. 
The morphology of polymer particles was investigated by means of cryo-TEM, because the 
nanoparticles can be investigated close to their state in solution and to reduce artefacts from 
the preparation (e.g., loss of solvent, drying effects, etc.). Figure 5.1 depicts representative 
examples of synthesized polymer particles L1 to L8. cryo-TEM revealed a spherical shape for 
seed particles (L1). Figure 5.1 displays the seed particles after the core formation, resulting in 
latex L2 and L3 while the spherical shape of particles is preserved. Though the same synthesis 
conditions were applied to obtain L2 and L3, different seed-core sizes were observed 
according to DLS and AUC results. For the subsequent studies the seed-core nanoparticles L2 
and L3 were utilized. In the following synthesis step the non-crosslinked PMMA shell was 
synthesized on the core particles resulting in lattices L4 and L8. For core-shell particle L4 
cryo-TEM picture revealed a contrast distinction. This potentially stems from the polymer 
core with a darker contrast and the attached shell with a weaker contrast. This distinguishing 
feature was only clearly observable for sample L4. The particle shapes of L4 and L8 did not 
remain clearly spherical and became uniform. Gutiérrez-Mejía et al. synthesized PBA/PMMA 
nanoparticles similar to our latex, with a core-shell ratio of 30/70. In their study the clear 
spherical shape remained after shell formation.
[60]
 This observation is not in accordance with 
our results as non-uniform particles were observed. The polymer shell of lattices L5, L6, L7 
and L9 was crosslinked (up to 8%) with TEGDMA in order to improve the particle stability, 
the dispersability in TEGDMA monomer and to evaluate the effects on the mechanical 
properties. As already observed for particles L4 and L8, a change of the nanoparticle 
morphology was observed when the PMMA shell was attached. The resulting core-shell 
nanoparticles (L5, L6, L7 and L9) were not homogeneously spherical anymore. This irregular 
particle shape was attributed to the incompatibility of both constituting polymers and the 
polymerization sequence.
[106-108]
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Figure 5.1 Cryo-TEM images of latex particles L1 to L8; a) L1, b) L2, c) L3, d) L4, e) L5, f) L6, g) L7 and h) 
L8. 
The preparation of test specimens was performed by mixing and homogenising the initial 
components with the particle dispersions. Pre-examinations revealed that the dispersability of 
the non-crosslinked core-shell particles (L4 and L8) in TEGDMA was inferior to the 
crosslinked ones (L5 to L7 and L9). The monomer formulations were photo-polymerized. 
Experimental data of E-modulus and stress intensity factor (K1c) of samples of the test 
specimens TS1 to TS9 are displayed in Table 5.2. Sample TS9 was used as a reference 
sample and therefore not enriched with latex particles. The composition of TS9 was adapted 
so that there are equal monomer concentrations in all test specimens (TS1 to TS9). Polymer 
lattices L5, L6, L7 and L9 were crosslinked with TEGDMA to improve the dispersability and 
to investigate its effect on the mechanical features. 
To investigate the influence of different core/shell ratios on the mechanical properties, 
polymer particles were synthesized with core-shell ratios of 10/90, 30/70 and 50/50 (TS1, TS7 
and TS8). The implementation of latex particles with a core-shell ratio of 50/50 (L9) in a 
composite (TS8) led to a drop of E-modulus (1.77 GPa) and K1c (0.763 MPa∙m
1/2
). Thus, only 
by applying particles with a core shell ratio of at least 30/70, corresponding to test specimen 
TS1, showed an elevated E-modulus (1.72 GPa) and K1c (1.139 MPa∙m
1/2
). By increasing the 
shell content up to a ratio of 10/90 (TS7), the E-modulus and K1c (1.186 MPa∙m
1/2
) reached a 
maximum of 1.90 GPa. 
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In order to obtain information about the influence of different shell crosslinker ratios on the 
mechanical properties, the polymer particles were crosslinked with 2, 4 and 8% TEGDMA 
and utilized for test specimens. A crosslinker content of 2% (TS4) provided the highest K1c 
value (1.206 MPa∙m1/2) and an increased E-modulus (1.78 GPa). With a linker content of 4% 
(TS5) a considerable enhancement of the mechanics (E-modulus: 1.89 GPa, K1c: 1.116 
MPa∙m1/2) was obtained. A further increase of the crosslinker content up to 8% (TS6) did not 
result in an enhancing effect of the mechanical properties. With an E-modulus of 1.87 GPa 
and K1c of 0.835 MPa∙m
1/2
 the TEGDMA linker softens the material. 
Table 5.2 Mechanical properties of test specimens. 
Test specimen E-modulus (standard deviation) 
[GPa] 
K1c (standard deviation) 
[MPa∙m1/2] 
TS1 1.72 (0.05) 1.139 (0.059) 
TS2 1.55 (0.09) 0.752 (0.065) 
TS3 1.86 (0.10) 0.850 (0.038) 
TS4 1.78 (0.07) 1.206 (0.055) 
TS5 1.89 (0.05) 1.116 (0.056) 
TS6 1.87 (0.07) 0.835 (0.273) 
TS7 1.90 (0.10) 1.186 (0.070) 
TS8 1.77 (0.07) 0.763 (0.062) 
TS9 1.61 (0.07) 0.733 (0.071) 
Additionally, the influence of various particle concentrations within the test specimens and 
their effect to the mechanical properties was studied. For that purpose a series of samples 
filled with 3, 6 and 9 wt% of polymer particles (L5) were investigated (TS2 to TS4). With a 
particle concentration of 3 wt% (TS2), there is a slightly decreasing influence to the E-
modulus (1.55 GPa) and K1c (0.752 MPa∙m
1/2
). By increasing the particle concentration to  
6 wt%, (TS3) an extensive enhancement of E-modulus (1.86 GPa) and K1c (0.850 MPa∙m
1/2
) 
was observed. When the particle concentration was further increased up to 9 wt% (TS4) the 
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mechanical properties show a lower E-modulus (1.61 GPa), however, with a maximum of K1c 
(1.206 MPa∙m1/2). 
By incorporation of core-shell nanoparticles into a matrix, consisting of TEGDMA / UDMA 
and consequently photo-polymerizing the monomer mixture, it was possible to improve the E-
modulus and K1c values of the unfilled polymer composition. Particles with sizes of 70 to 220 
nm in diameter (determined by AUC) were achieved. cryo-TEM investigations showed that all 
core-shell particles (L4 to L9) revealed irregular particle geometries, differing from the clear 
spherical shape of the polymer seed (L1) and the cores (L1 and L2). By crosslinking the 
polymer shell with a TEGMDA concentration up to 4% it was possible to enhance the 
dispersability of particles in the monomer (TEGDMA) together with an improvement of the 
mechanical properties. The best mechanical properties were achieved with the test specimens 
TS5 and TS7 (see Table 5.2) that refers to lattices L6 (core-shell ratio: 30/70) and L8 (core-
shell ratio: 10/90). Particles with a lower shell content (core-shell ratio: 50/50) have a 
decreasing effect to the E-modulus and K1c. In a concentration dependent study of polymer 
particles within the test specimens, optimal E-modulus values were achieved at a particle 
concentration of 6% (TS3). However, for a test sample filled with 9% polymer particles 
(TS4), the highest K1c (1.206 MPa∙m
1/2
) value was obtained of all investigated samples. These 
improvements of mechanical properties of TEGDMA/UDMA composites make them 
attractive as a potential toughening additive. 
 
5.1. Preliminary results of polymerization-induced phase separation (PIPS) experiments 
Besides the approach discussed in the previous section (Chapter 5), the polymerization-
induced phased separation (PIPS) represents another promising way to enhance the fracture 
properties of polymer composites. This chapter describes the current research approach 
towards an enhancement of the mechanical properties of methacrylate based composites by 
PIPS.  
The theory of polymerization induced phase separation (PIPS) was first proposed by Inoue et 
al. in the 1980s.
[109]
 At the PIPS, a precursor monomer (e.g., alkyl methacrylates, epoxides) is 
polymerized in the presence of a modifier that is initially miscible, such as an oligomer, a 
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polymer, or a small molecule.
[110]
 During the polymerization process, the miscibility between 
precursor monomer and pre-polymer decreases as the molar mass of the thermoset resin is 
growing. As a result a phase separation occurs and different types of morphologies arise. The 
respective morphologies strongly affect the final properties and applications of these materials 
are largely dependent on the thermodynamics of the phase separation.
[111-116]
 The PIPS method 
was intensively studied on epoxy resins as a way to improve mechanical properties like the 
tensile strength
[61, 117]
 or the tensile toughness
[61]
 of polymer composites. Besides it is possible 
to enhance the fracture properties of polymeric thermosets by the PIPS. The addition of small 
amounts of rubber additives leads to an improvement of the fracture toughness, however, 
generally accompanied by a drop of the mechanical resistance (Young’s modulus). In contrast 
the addition of thermoplastic polymers (e.g., poly(ether imides), poly(phenylene oxides)) may 
result in an enhancement of the fracture properties, devoiding a loss in E-modulus.
[64]
 The 
PIPS applied for methacrylates were only rarely studied. At the copolymerization of bis-
methacrylates with alkyl methacrylates (e.g., BisGMA with LMA) a phase separation takes 
place.
[65, 118]
 The PIPS of different poly(methacrylates) in TEGDMA
[68]
 was investigated 
whereupon an increase in E-modulus was obtained in comparison to the reference material.
[67]
 
These examples are mainly focused on the investigation of the polymerization shrinkage. 
Detailed investigations about the effect of PIPS on the fracture toughness of methacrylate 
based composites have not been performed up to now to the best of my knowledge. 
Therefore this study attempts towards the utilization of PIPS for an enhancement of fracture 
properties and E-modulus of methacrylate based polymer composites. For that purpose a bulk 
homopolymer matrix consisting of TEGDMA was modified with a PLMA pre-polymer. The 
heterogeneous mixture was subsequently photo-polymerized. Both the molar masses of the 
pre-polymers as well as the additive concentrations in the matrix were varied to investigate 
their effect on the phase separation process. 
To ensure a sufficient toughening effect within the final composite, PLMA was chosen as pre-
polymer as the Tg of the homopolymer with –65 °C is relatively low. To investigate various 
molar masses of PLMA pre-polymers on the PIPS, polymers with Mn values between 10,000 
g/mol and 68,000 g/mol were synthesized using the RAFT polymerization procedure. The 
polymerization conditions as well as the characterization data of the resulting polymers are 
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summarized in Table 5.3. The absence of residual monomer was confirmed by 
1
H NMR 
measurements (Figure 5.2).  
Table 5.3 Characterization data of statistical PLMA prepolymers (P20 to P23). 
Polymer type Mn
e
 
[g∙mol-1] 
Mw
e
 
[g∙mol-1] 
Conversion
f
 
[%] 
Ð 
P17
a
 11,000 13,000 49 1.10 
P18
b
 25,000 28,000 51 1.12 
P19
c
 33,000 45,000 77 1.08 
P20
d
 68,000 74,000 85 1.34 
a [LMA]total:[CTA]:[AIBN] = 100:1:0.1 in bulk; T = 65 °C; t = 8 h; 
b [LMA]total:[CTA]:[AIBN] = 200:1:0.14 [M]total = 3.4 mol∙L-1 in THF; T = 65 °C; t = 16 h; 
c [LMA]total:[CTA]:[AIBN] = 100:0.33:0.25. [M]total = 3.4 mol∙L-1 in THF; T = 70 °C; t = 19 h; 
d [LMA]total:[CTA]:[AIBN] = 100:0.22:0.25. [M]total = 3.4 mol∙L-1 in THF; T = 70 °C; t = 19 h; 
f obtained from SEC (CHCl3, RI detection, PMMA calibration); 
g monomer conversions obtained gravimetrically. 
 Figure 5.2 1H NMR spectra (400 MHz) of the PLMA homopolymers P17 to P20 in CDCl3. 
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6. Summary 
The interdisciplinary interplay of macromolecular chemistry, organic chemistry and 
supramolecular chemistry within this thesis enabled the development of a range of functional 
polymers ranging from self-healing materials to hard scaffold (biocompatible) polymers and 
up to polymer particles as toughness modifiers (Scheme 6.1).  
 
Scheme 6.1 Graphical overview of the content of Chapters 3 to 5. 
Attaching triazole-pyridine ligands in the side chain of a PLMA based polymer and the 
subsequent complexation with appropriate iron(II), cobalt(II), copper(II) and manganese(II) 
metal salts enabled the fabrication of metallocopolymer networks. The appropriate interplay 
between glass transition temperature and complexation properties resulted in a utilization of 
this type of metallopolymer as a coating with self-healing properties by crosslinking with 
designated iron(II) and cobalt(II) salts (FeCl2, FeBr2, Fe(OTf)2, CoCl2, CoBr2 and Co(BF4)2). 
The obtained materials showed pronounced self-healing performances within time intervals of 
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5.5 to 26.5 hours at moderate temperatures of 50 to 100 °C. The characterization of the 
metallopolymers by DSC, SAXS, UV-Vis spectroscopy and light microscopy provided 
insights into the interrelation of glass transition temperature, cluster size and complexation 
interplay of the metal center and the anions that represent the decisive factors for the self-
healing abilities. 
The regioselective copper(I)-catalyzed 1,3-dipolar cycloaddition between multifunctional 
azides and terminal alkynes (CuAAC) represents the key step for the preparation of thermosets 
within the scope of this thesis. In a DSC study, different copper(I) sources such as CuOAc, 
Cu
I
(TBTA)BF4, Cu
I
(CH3CN)4BF4, and Cu
I
(PPh3)3Br were evaluated under solvent-free 
conditions as catalysts. CuOAc was proven to be the most efficient one for the click-reaction. 
The molar masses (Mn) of the resulting linear poly(1H-1,2,3-triazoles) could be adjusted to 
17,000 (DMF) and 166,000 g/mol (DMSO) by applying different polar solvents. Among the 
various combinations of alkynes and azides for the CuAAC, the polymerization of 
tripropargylamine with xylene and mesitylene bisazides as well as the combination of 
tripropargylamine and di(prop-2-yn-1-yl)isophorone-dicarbamate with 1,2-bis(2-
azidoethoxy)ethane resulted in hard materials with elevated indentation moduli accessing 
these materials for potential biomedical applications. Besides the direct copper(I) catalysis of 
the CuAAC, it is possible to generate the required Cu(I) species by in-situ photo-reduction of 
Cu
II
 to Cu
I
. Within this thesis, an evaluation of several copper(II) salts, facilitating a photo-
induced polymerization, was performed. The photo-reduction of copper(II) acetate generating 
copper(I) ions without using any additional photo-initiator enabled the polymerization that can 
only be carried out in solution using at least 15 wt% of methanol. Depending on the catalyst 
concentration quantitative monomer conversions were achieved, allowing the determination of 
the elevated mechanical properties (1.6 GPa). Towards the biomedical application of CuAAC 
polymerized 1,2,3-polytriazoles, it is of great importance to substantially reduce the copper 
residues within the resulting polymer to avoid toxic effects. A convenient way to circumvent 
this issue represents the metal-free 1,3-dipolar cycloaddition of electron-poor alkynes. Within 
this dissertation, the synthesis of electron-deficient internal alkynes and, subsequently, the 
metal-free click-reaction with multifunctional alkynes under mild conditions coped the way 
for poly(1H-1,2,3-triazole) networks with interesting mechanical properties. The elevated E-
moduli of 2.5 GPa and the absence of cytotoxic copper species paved the way of these 
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materials as potential biomaterials. Within the scope of the executed biomedical 
investigations, cell biological studies were performed on the alkyne and azide monomers as 
well as on the resulting polymers. The cell study on the click monomers clearly revealed a 
cytotoxic potential for all applied alkynes and azides, except the TEG-(N3)2 that turned out to 
be cytocompatible at all investigated concentrations. Additional investigations on the final 
poly(1H-1,2,3-triazole) networks showed a highly biocompatible character of the materials in 
its bulk format. Cells grown elevations on the scaffolds revealed various growth densities of 
L929 fibroplasts confirming the biocompatible character of the represented poly(1H-1,2,3-
triazole) networks. 
The application of polymer composites as advanced materials is restricted due to their limited 
mechanical properties i.e. the fracture toughness. Several modifiers like hyperbranched 
polymers
[57-58]
 or fibers
[59]
 overcome that limitation and lead to an increase in fracture 
toughness however mostly at cost of the mechanical resistance (E-modulus). Within the scope 
of this thesis core-shell particles consisting of an EGDMA crosslinked soft PBA core and a 
hard PMMA shell that was crosslinked in some cases with TEGDMA. The obtained polymer 
particles were analyzed (particle size, morphology and distribution) by means of DLS, AUC 
and cryo-TEM investigations as they represent established characterization methods for 
polymer nanoparticles. The incorporation of the lattices into a TEGDMA/UDMA matrix and 
subsequently photo-polymerization of the monomer mixture caused an enhancement of 
fracture toughness and E-modulus of the resulting thermosets in comparison to the reference 
material. Therefore this study represents the first report about the improvement of fracture 
toughness and E-modulus (within the same time) of polymer composites. 
Beside the core-shell particles, the polymerization induced-phase separation represents an 
additional promising technique to improve the fracture- and resistance properties of polymer 
composites, as a soft, toughening phase can be generated within this polymerization 
method.
[67]
 Within this thesis PLMA pre-polymers with different molar masses were 
synthesized. The pre-polymers were embedded into a TEGDMA monomer matrix and 
subsequent photo-polymerized. While polymerization, a second, PLMA rich phase arises 
resulting in an increased toughening of the resulting composite. 
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Within this thesis various structural modified polymers were synthesized and characterized. 
Thereby their potential field of applications as self-healing metallopolymers, (biocompatible) 
hard tissue materials and tougheners for methacrylate based composites was proven. The 
results described in this thesis represent an important contribution to the chemical 
understanding of structure-property relationships of polymeric materials and their material 
properties. Thus, the presented compounds within this thesis might be promising materials for 
a potential future application as self-healing polymeric coating-system and mechanically 
tunable polymer composites. 
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7. Zusammenfassung 
Im Rahmen dieser Dissertation konnten durch die interdisziplinäre Interaktion von 
makromolekularer-, organischer- und supramolekularer Chemie, selbstheilende (Metallo-) 
Polymere, biokompatible Hartgewebematerialien und Kern-Schale Nanopartikel als 
Zähigkeitsvermittler hergestellt werden. 
 
Scheme 7.1 Grafische Zusammenfassung der Inhalte aus den Kapiteln 3 bis 5. 
Im Rahmen dieser Arbeit wurde ein zweizähniger, methacrylat-funktionalisierter 
Triazolpyridin-Ligand mit Laurylmethacrylat copolymerisiert. Durch die anschließende 
Zugabe von geeigneten Eisen(II)-, Kobalt(II)-, Kupfer(II)- und Mangan(II)-Salzen konnten 
Metallopolymer-Netzwerke aufgebaut werden. Die Abstimmung von 
Glasübergangstemperatur und Komplexierungseigenschaften ermöglichte es, diese 
Metallopolymer-Typen durch Vernetzen mit geeigneten Eisen(II)- und Kobalt(II)-Salzen 
(FeCl2, FeBr2, Fe(OTf)2, CoCl2, CoBr2 und Co(BF4)2) als Beschichtungen mit 
Selbstheilungseigenschaften nutzbar zu machen. Diese Materialien zeigten ein ausgeprägtes 
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Selbstheilungsverhalten innerhalb von 5,5 bis 26,5 Stunden bei milden Temperaturen von 50 
bis 100 °C. Die Charakterisierung der Metallopolymere durch dynamische 
Differenzkalorimetrie, Röntgenbeugung, UV-Vis Spektroskopie und Lichtmikroskopie geben 
dabei einen Einblick in die Wechselbeziehung von Glastemperatur, Clustergröße und 
Komplexierungsverhalten von Metallzentrum und Gegenionen, welche die ausschlaggebenden 
Faktoren für die Selbstheilung dieses Systems darstellen. Um ein besseres Verständnis für den 
Heilungsmechanismus dieses Systems zu bekommen, wird im Fokus zukünftiger Forschung 
die Untersuchung von mechanischen Eigenschaften und mechanistische Studien, welche die 
Selbstheilung beeinflussten, stehen.  
Die regioselektive Kupfer(I)-katalysierte 1,3-dipolare Cycloaddition zwischen 
multifunktionellen Aziden und terminalen Alkinen (CuAAC) stellt im Rahmen dieser Arbeit 
den entscheidenden Schritt für die Herstellung von duroplastischen Werkstoffen dar. In einer 
DSC Studie konnten verschiedene Kupfer(I)-Salze wie Cu
I
OAc, Cu
I
(TBTA)BF4, 
Cu
I
(CH3CN)4BF4 und Cu
I
(PPh3)3Br auf ihre Eigenschaften hin, die CuAAC zu katalysieren, in 
lösemittelfreier Umgebung untersucht werden. Dabei hat sich CuOAc als effizientester 
Katalysator für diese Click-Reaktion erwiesen. Die molaren Massen (Mn) der linearen 1,2,3-
Polytriazole konnten durch die Wahl von unterschiedlich polaren Lösungsmitteln auf 17.000 
g/mol (DMF) und 166.000 g/mol (DSMO) eingestellt werden. Innerhalb der verschiedenen 
Kombinationen von Alkinen und Aziden für die CuAAC führte die Kombination von 
Tripropargylamin mit Xylen- und Mesitylen-Bisaziden als auch die Verknüpfung von 
Tripropargylamin, Di(prop-2-yn-1-yl)isophoron-dicarbamat mit 1,2-Bis(2-azidoethoxy)ethan 
zu polymeren Materialien mit harten mechanischen Eigenschaften. Die erhöhten E-Moduli 
dieser Polymere ermöglichen dabei deren Verwendung als potentielle biomedizinische 
Materialien. Neben der direkten Kupfer(I)-Katalyse ist es möglich, die für die CuAAC 
benötigte Kupfer(I)-Spezies durch in-situ Reduktion von Cu
II
 zu Cu
I
 zu generieren. Im 
Rahmen dieser Arbeit wurden verschiedene Kupfer(II)-Salze hinsichtlich ihrer Eigenschaft, 
eine photoinduzierte Kupfer(I)-katalysierte Click-Reaktion zu ermöglichen, untersucht. Durch 
die Photoreduktion von Cu(OAc)2 in einer Lösung aus 15 Gewichts% MeOH konnten Cu
I
-
Ionen generiert werden, welche die Polyadditionsreaktion ermöglicht hat. Abhängig von der 
Katalysatorkonzentration konnten quantitative Monomerumsätze und erhöhte mechanische 
Festigkeiten (1,6 GPa) erzielt werden. Im Hinblick auf die biomedizinische Verwendung von 
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1,2,3-Polytriazolverbindungen, welche durch die CuAAC hergestellt werden ist es von 
entscheidender Wichtigkeit, die Kupferrückstände im auspolymerisierten Material auf ein 
Minimum zu reduzieren. Die metallfreie 1,3-dipolare Cycloaddition von elektronenarmen 
Alkinen stellt dabei eine geeignete Methode dar, dieses Problem zu umgehen. Im Rahmen 
dieser Arbeit wurden elektronenarme interne Alkine synthetisiert, welche anschließend in 
einer katalysatorfreien Click-Reaktion mit multifunktionalen Aziden umgesetzt wurden. 
Durch diese Reaktion konnten Polytriazol-Netzwerke aufgebaut werden, die erhöhte E-Moduli 
(2,5 GPa) aufwiesen, was sie zusätzlich als metallfreie Systeme besonders interessant für 
biomedizinische Anwendungen macht. Im Rahmen von biomedizinischen Untersuchungen 
wurden zellbiologische Studien sowohl an den Ausgangsverbindungen für die Click-Reaktion 
(Alkine und Azide) als auch an den entsprechenden Polymeren durchgeführt. Die Zellstudie 
der Click-Monomere zeigte ein deutlich zytotoxisches Verhalten für alle untersuchten 
Verbindungen auf. Nur TEG-(N3)2 war bei allen untersuchten Konzentrationen 
zytokompatibel. Bei den korrespondierenden Polymernetzwerken konnte ein durchweg 
zytokompatibles Verhalten der Materialien nachgewiesen werden. Anhand von 
Zellwachstumsstudien wurde durch mannigfaltige Wachstumsdichten von L929 Fibroplasten 
auf den Polymeren der biokompatible Charakter dieser Werkstoffe bestätigt. 
Die Verwendung von Polymerkompositen als hochentwickelte Werkstoffe ist beschränkt 
durch ihre limitierten mechanischen Eigenschaften, wie der Bruchzähigkeit. Diverse Additive 
wie hyperverzweigte Polymere
[57-58]
 oder Fasern
[59]
 lösen diese Maßgabe und führen zu einer 
Steigerung der Bruchzähigkeit. Jedoch geschieht dies meistens auf Kosten der mechanischen 
Festigkeit (E-Modul). Im Rahmen dieser Arbeit wurden polymere Kern-Schale-Partikel, 
bestehend aus einem EGDMA vernetzten weichen PBA-Kern und einer harten PMMA-Schale 
(in einigen Fällen mit TEGDMA zusätzlich vernetzt), synthetisiert. Die Charakterisierung der 
Polymerpartikel (Partikelgröße, Morphologie und Verteilung) erfolgte dabei mittels DLS, 
AUC und cryo-TEM, welche etablierte Charakterisierungsmethoden für Polymernanopartikel 
darstellen. Dabei wurden die Kern-Schale Partikel in eine TEGDMA/UDMA Matrix 
eingebettet und anschließend photo-polymerisiert. Das resultierende duroplastische Material 
wies dabei im Vergleich zu dem ungefüllten Referenzmaterial eine verbesserte Bruchzähigkeit 
und mechanische Festigkeit (E-Modul) auf. Diese Ergebnisse repräsentieren den ersten 
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wissenschaftlichen Bericht für eine gleichzeitige Verbesserung von Bruchzähigkeit und E-
Modul in Polymerkompositen. 
Neben den Kern-Schale-Partikeln stellt die polymerisationsinduzierte Phasenseparation eine 
weitere vielversprechende Methode dar, gezielt die Brucheigenschaft und Festigkeit von 
Polymerkompositen durch die Bildung einer weichen, zähigkeitssteigernden Phase innerhalb 
dieser Polymerisationstechnik, zu verbessern.
[67]
 Im Rahmen dieser Arbeit wurden PLMA 
Präpolymere mit unterschiedlichen Molmassen hergestellt. Dabei wurden die Präpolymere in 
eine TEGDMA Matrix eingebettet und anschließend photo-polymerisiert. Während der 
Polymerisation bildete sich eine zweite PLMA-reiche Phase, die innerhalb des Komposites zu 
einer Zähigkeitssteigerung führt. 
Im Rahmen dieser Arbeit konnten verschiedene, strukturell abgestimmte  Polymere hergestellt 
und charakterisiert werden. Dabei konnte deren Einsatzmöglichkeit als selbstheilende 
Metallopolymere, (biokompatible) Hartgewebematerialien und Kern-Schale Nanopartikel als 
Zähigkeitsvermittler für methacrylat-basierte Komposite, belegt werden. Die Ergebnisse dieser 
Arbeit leisten einen wichtigen Beitrag zum chemischen Verständnis der Struktur-
Eigenschafts-Beziehung polymerer Werkstoffe und deren Materialeigenschaften. Die 
innerhalb dieser Arbeit neu dargestellten Verbindungen stellen somit vielversprechende 
Materialien für zukünftige Anwendungen im Bereich selbstheilender polymerer 
Beschichtungssysteme und mechanisch modifizierbarer Polymerkomposite, dar.  
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1 Introduction
The ground-breaking work of Lehn, Pedersen, and Cram has been honored with the
Nobel Prize in chemistry “for their development and use of molecules with
structure-specific interactions of high selectivity”, namely, for their investigations
in the field of crown ethers and host–guest interactions [1]. It was the beginning of
supramolecular chemistry as a new important research field in chemistry. Lehn
defined supramolecular chemistry as the chemistry “beyond the molecule” [2].
Structures of higher complexity are constructed and hold together by a wide range
of interactions, like hydrogen-bonding [3], hydrophobic interactions [4], π–π
stacking interactions [5], and metal–ligand interactions [6–8]. Thereby, Nature
acts as a role model by providing many inspiring examples of supramolecular
structures like the DNA structure (double helix), metallo-proteins, etc. [9]. This
field of research on noncovalent systems expands the world of covalent high
molar mass materials (i.e., synthetic macromolecules or polymers) discovered by
Staudinger, who was honored with the Noble Prize in 1953.
In recent years, an area of special interest has been identified that combines
both worlds, i.e., covalent and noncovalent macromolecules, in particular the field
of metallo(supramolecular) polymers. These materials combine many polymeric
with metal complexes and metallic properties, enabling the design of new materials
with outstanding properties, e.g., with self-X properties such as self-repair, self-
organization, self-assembly, and self-healing. For instance, metallo-polymers have
also been utilized for the fabrication of stimuli-responsive structures, resulting in
reversible polymeric materials [10]. Due to this fact, metallopolymers have also
been discussed in the context of self-healing materials. Their structural elements
can feature reversible interactions similar to those known from hydrogen bonding
polymers [11–14] or reversible covalently linked polymers [9, 15–19].
The above-mentioned properties, i.e., reversibility and stimuli-responsiveness,
are directly linked to the metal–ligand binding strength. By changing the ligand(s)
and the corresponding metal ion, respectively, the intrinsic properties of the final
material can be tuned.
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Ciardelli classified the architecture of metallopolymers into three different types
(Fig. 1) [20]. In type I, the metal–ligand pairs are attached to the polymer side chain
or as an end group of the backbone by electrostatic interactions, covalent bonds, or
metal–ligand coordination (type Ia–Ic, Fig. 1). In type II, the metal ions or com-
plexes are embedded into the main chain by coordinative or covalent associations
[21–24]. In type III, the assembly of metal ions into the polymeric arrangement
(i.e., the matrix) takes place through physical interactions [25]. In particular,
polymers of type I and II are interesting candidates for self-healing polymers.
Although conjugated metallopolymers feature very interesting optical properties,
non-conjugated polymers have been used nearly exclusively in research on stimuli-
responsiveness and self-healing behavior.
The application of metallopolymers as redox-active materials has gained signif-
icant importance for creating highly efficient redox conductivity for chemo- and
biosensors [26–29], both catalytic and electroluminescent [30–33], magnetic appli-
cations [34–37], photovoltaics, and nonlinear optical applications [38–42].
For metal–ligand interactions, the conjunction of both a high binding constant as
well as sufficient reversibility represents a challenging task. The stability of a
certain complex, a thermodynamic property, is represented by the individual
binding constant K. In the case of a very high binding constant between the
Fig. 1 Various approaches for preparation of metal-containing polymers (the counterions are
omitted for clarity) (Copyright 2013 Elsevier) [25]
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ligand(s) and the corresponding metal ion, thermodynamical stable polymers are
formed. The physics and properties of these polymers are comparable to classical
covalent polymers (Staudinger-like polymers). For a low binding constant, poly-
meric assemblies only form in the solid state, not in solution (classical inorganic
coordination polymers). In contrast, medium binding constants also enable the
formation of macromolecular assemblies in solution. The binding constant
K depends on several external parameters like pH value, temperature, and solvent
polarity as well as on the ligand design and the corresponding metal ion. K can be
increased by multiple interacting binding sites, like chelating ligands or multivalent
metal ions. Accordingly, for every metal–ligand pair, a detailed investigation of the
thermodynamic and kinetic properties is required when a suitable metal–ligand
combination is chosen [43].
Kinetically labile metal–ligand interactions open a field for materials with
remarkable properties by assembling, disassembling, and reconstructing in a
dynamic way. These weak interactions are particularly utilized in materials that
have the ability to self-repair [44], self-anneal, and self-correct under certain
conditions [45]. Most metallopolymers contain ionic metal complexes. The com-
bination of these positively charged moieties and the corresponding counterions can
lead to interesting properties. The melt morphology of diblock copolymers with
central metal complexes as linking unit strongly depends on the type and size of the
counterions. The groups of Schubert and Gohy investigated the self-assembly of
systems having ruthenium ions as the metal, complexed with terpyridine ligands
attached to polystyrene (PS) and poly(ethylene oxide) (PEO) [46]. In bulk, the
electrostatic interactions between the metal–ligand complex ions and their coun-
terions drive them to form aggregates [47]. This leads to morphologies that are
different to their covalent counterpart. Al-Hussein et al. reported highly ordered
lamellar structures in the melt of a PS20-[Ru]-PEO70 diblock copolymer when bulky
counterions were used. Thereby, the metal–ligand complex acting as ionomer is
responsible for triggering the microphase separation. This observation can be used
to tune the morphology of the metallo(supramolecular) copolymers [48]. The
electrostatic interaction between the metal–ligand ions and their associated coun-
terions drives them to form aggregates.
2 Ionomers
The described morphological features for metallopolymers show some parallels
with the situation in common ionomers, in which the presence of ionic clusters
contributes strongly to the healing process. This has also to be considered for self-
healing metallopolymers featuring (ionic) clusters, comparably to ionomers. These
latter materials were defined by Tant and Wilkes as a class of ion-containing
copolymers. Thereby, the maximum ion group content is about 15 mol% [49]. To
distinguish these systems from polyelectrolytes, Eisenberg and Rinaudo further
developed the definition, so that ionomer bulk properties are organized by ionic
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interactions with respective areas of the polymer structure [50]. Ionomers are
generated by a neutralization process. The ionic component (pendant acid groups)
is attached to the polymer backbone. After neutralization the ionic groups are part
of the polymer structure of the resulting ionomer (or ionic copolymer). The ionic
pairs assemble into discrete regions known as multiplets. Eisenberg described in
detail the design and constitution of such ionic multiplets (Fig. 2) [51, 52]. In the
case of low ionic group contents, the multiplets are isolated. Higher proportions
result in an overlapping of the regions with restricted mobility and cluster devel-
opment (Fig. 3). An increase in the ionic content tremendously influences the
mechanical properties of the material [53–56]. Ionic interactions also allow self-
healing processes. The reason lies in the reversibility of the cluster formation, so
multiple local healing events are possible, e.g., using heat as trigger.
In 2001, Fall investigated the self-healing response by using bullet puncture tests
on the commercial poly(ethylene-co-methacrylic acid) EMAA materials React-a-
Seal®, Surlyn® 8920, and Surlyn® 8940 with varying ionic content [57]. Projectile
testing of EMAA copolymers with ionic segments was conducted by Kalista
et al. [58–60] and further investigated by Varley [61–65] and van der Zwaag
[62, 66]. During the bullet puncture test very high temperatures are generated locally.
Due to that, the ionomer was heated above the order–disorder transition and a healing
was obtained [58–68]. Furthermore, the heating could also result in melting of
the polymer. After the polymer was cooled to room temperature, the aggregates
Fig. 2 Region of restricted
mobility surrounding a
multiplet in a poly(styrene-
co-sodium methacrylate)
ionomer (Reproduced with
permission from [52],
Copyright 2013 The
American Chemical
Society)
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(clusters) reformed and the original mechanical properties were recovered. Fur-
thermore, Kalista et al. investigated the self-healing behavior of EMAAmaterials at
temperatures between 50 and 140 C [60]. The authors could demonstrate that
self-healing is possible below the order–disorder temperature due to the reversible
formation of hydrogen bonds from the carboxylic acids. Furthermore, they showed
that the self-healing efficiency at different temperatures strongly depends on the
ionic content. Thus, high ionic contents are better for healing at high temperatures
(above the order–disorder transition) and low amounts of cluster are required for
healing at low temperatures. Metallopolymers could also feature comparable ionic
clusters due to their charged complexes. These could also contribute to the self-
healing process.
3 Stimuli-Responsive Metallopolymers
The introduction of metal complexes into polymeric materials can lead to inter-
esting properties and, particularly, the structural properties of these complexes
are of importance in self-healing materials [9]. It can be important for the
self-healing process that special properties can be changed upon application
Fig. 3 Morphologies of
various ionomers at
different ion contents:
(a) low ion content;
(b) intermediate ion
content; and (c) high ion
content (Reproduced with
permission from [52],
Copyright 2013 The
American Chemical
Society)
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of an external stimulus such as light, heat, or change in pH. These stimuli-
responsive metallopolymers could be affected in many different ways. As a
consequence, the stimuli-responsive metallopolymers are not only interesting
candidates for self-healing polymers but also for several other application fields
such as sensors [69].
In addition to stimulation by redox processes, the properties of a metallopolymer
can also be influenced by other stimuli. An interesting change in metallopolymers
was shown by Peng et al. [70]. The authors used the external stimulus light in
order to influence the properties of an iron metallopolymer; a redox process
from iron(III) to iron(II) could be induced by illumination and this process
changed the consistency of the polymer. In this case, a metallopolymer gel,
which contains iron(III) ions, was converted into a liquid polymer by simply
reducing the iron ions. The subsequent re-oxidation by air led to the original
“solid state” system.
Furthermore, the supply of thermal energy could also be used to influence the
properties of a metallopolymer and to yield the desired effects. For this purpose,
Zhou and coworkers utilized phase-separated ruthenium-containing polymers
with two glass transition temperatures [71]. The transitions induced the a kind of
mobility that is required for the self-healing process [72].
Beside the mentioned external stimuli, there are also several other possibilities
that can influence the polymer properties and structures, leading to changes on
the molecular scale and thus, to other changes in the properties of the
metallopolymer. For example, Beck and Rowan showed that mechanical energy
is adequate (e.g., simple shaking) for generating a change in the properties of the
polymer [73]. The authors used an oligo(ethylene gylcol), which was functionalized
with two 2,6-bis(1’-methylbenzimidazolyl)pyridine units at the termini. In a second
step, a metallopolymer was formed by the addition of a lanthanide (lanthanum or
europium) and a transition metal ion (cobalt or zinc). In further studies it could be
shown that these metallopolymers could also be influenced by other external stimuli
[74, 75], e.g., by changes in pH, light, and temperature.
This all-embracing example shows that many different stimuli can affect a
metallopolymer to result in the desired properties. In particular, the reversibility
of the metal–ligand interaction and the mobility of a metallopolymer are key factors
for the implementation of self-healing properties [76, 77]. Additionally, the
addressability by other stimuli allows the possibility of triggering healing processes
in metallopolymers.
4 Self-Healing Metallopolymers
The above-mentioned properties of metallopolymers are the basic requirements for
the generation of self-healing behavior. As a consequence, it is possible to generate
a reversible system and to introduce self-healing mechanisms, which is the princi-
ple of intrinsic self-healing systems [78–81].
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4.1 Biological Archetypes
The self-healing possibilities based on metal–ligand interactions can also be
observed in nature. In 2001, Vaccaro and Waite described the ability of mussel
byssus threads to heal after an inflicted damage [82]. In the following decade, more
detailed insights into the mechanism and the parameters that influence this natural
system were collected. Meanwhile, it could be shown that the self-healing behavior
is based on an interaction between iron(III) ions and 3,4-dihydroxyphenylalanine
(dopa) [83]. The iron center can bind one, two, or three catcheol-based ligands,
which are connected with a polymer backbone. The number of bonded ligands
depends on the pH value [84–86]. At low pH (below 5), the mono-dopa iron(III)
complex is formed, which does not lead to a crosslinking of the polymer chains. The
result is an extensible material. By contrast, increasing pH values lead to a more
crosslinked polymer network, which provides an increased hardness [83, 87–90].
This principle, which can be found in nature, could also be mimicked by synthetic
polymers. For this purpose, poly(ethylene glycol) (PEG) was functionalized with
catechol units and Holten-Andersen et al. were able to show the reversibility of the
metal–ligand interaction [84, 85].
Beside the iron–dopa interaction, it could be proven that the zinc-histidine
system also leads to self-healing behavior of mussel byssus threads, which feature
a hierarchical structure [91–93]; a fiber containing a middle block of collagen,
which is flanked by histidine-rich parts, in an environment with a high content of
zinc ions leads to a reversible crosslinking [93, 94]. The recovery of the mechanical
properties of the mussel byssus thread could be demonstrated (Fig. 4) and, further-
more, it was possible to design a model system based on a PEG star functionalized
with histidine moieties [95, 96]. These systems were utilized for the generation of
metal-containing hydrogels.
4.2 Synthetic Self-Healing Metallopolymers
Several synthetic metallopolymers have been synthesized to obtain self-healing
behavior based on metal–ligand interactions. In 2005, Varghese et al. were able to
show that a gel based on acryloyl-6-amino caproic acid (A6ACA) can heal
scratches if the polymer is dipped into an aqueous copper(II) chloride solution
[97]. However, the study did not answer the question of the influence of hydrogen
bonds on the self-healing effect, particularly because a medium was selected in
which hydrogen bonds exist. Moreover, the mobility of the gel itself could also
affect the self-healing behavior; therefore, the particular influence of the
metal–ligand interaction on the self-healing process is still unclear.
In addition to the incorporation of the ligand function in the side chain, it is also
possible to install the ligand in the main chain of the polymer. Yuan et al. showed
that a self-healing behavior can be generated by polymers that feature ligands
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within the main chain [98]. The authors used polyurethane analogue polymers as
the backbone, in which bis(1,2,3-trizol-4-yl) pyridine was incorporated as ligand.
Afterwards, these polymers were complexed with zinc(II) and europium(III) ions,
respectively, which led to self-healing properties.
In this case, the question also arises as to whether the metal–ligand interaction is
the only reason for the self-healing process. There is also the possibility of hydro-
gen bond formation, which could also contribute to the self-healing properties. In
addition, the self-healing efficiency was not quantified.
Furthermore, Terech et al. presented a self-healing metallopolymer gel that was
based on the diterpyridyl moiety polymerized by the addition of nickel ions
[99]. The resulting linear polymer exhibited very poor mechanical properties and
showed a good healing efficiency due to high flexibility of the polymer itself.
In 2011, Rowan and Weder et al. described the self-healing properties of a
linear metallopolymer. In order to obtain self-healing behavior, the authors
used UV light [44]. For this purpose, poly(ethylene-co-butylene) was func-
tionalized with two 2,6-bis(1’-methylbenzimidazolyl)pyridine moieties at the
termini and the subsequent addition of zinc di[bis(trifluoromethylsulfonyl)imide]
or lanthanum tri[bis(trifluoromethylsulfonyl)imide] led to a linear metallopolymer.
(A) native; phase I
first
loading
first
loading
second
loading
(C) stretched (ε = 50%);
      phase II(B) stretched (ε = 50%);
      phase I and II
(E)
(F) healing
(D) unloaded; phase II unloading
Collagen domain
extensible domain
phase I
extensible domain
phase II
(A)
(D)
(E)
(F)
(B) (C)
top view of
preCol 6+1 bundle
top view of preCol
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Fig. 4 Molecular model of reversible deformation behavior in mussel byssal threads (Copyright
2013 The American Chemical Society) [95]
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This metallopolymer showed self-healing behavior if illuminated by UV light with
a wavelength corresponding to the absorption band of the polymer. In this case,
energy transfer led to heating of the polymer to 220 C. The proposed mechanism
of the self-healing process is based on the reversibility of the metal–ligand inter-
action as well as the breakage of metal complex clusters (Fig. 5). The cleavage of
the metal complexes increases the mobility of the polymer, which leads to a
dynamic motion of the polymers and to the self-healing of inflicted damage.
Subsequently, the complexes (and clusters) will be reformed upon cooling,
Fig. 5 Proposed self-healing mechanism (Copyright 2013 Nature Publishing Group) [44]
Fig. 6 Demonstration of the self-healing ability of a linear metallopolymer (Copyright 2013
Nature Publishing Group) [44]
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resulting in an immobilization of the mobile phase and a (complete) healing of the
scratch (Fig. 6).
A second example of coatings based on self-healing metallopolymers was
recently described by Schubert et al. [100]. A polymer network was synthesized
by the crosslinking of terpyridine-functionalized poly(alkyl methacrylates). For this
purpose, an iron salt was added, resulting in insoluble and very hard polymer films
after drying. Furthermore, it could be shown that decomplexation is not the main
process for the self-healing process. In contrast, the ionic interactions between the
charged complexes and the counterions (i.e. sulfate) are the basic principle of the
self-healing behavior of such crosslinked metallopolymer networks (comparable to
ionomers).
Recently, the basic concept of self-healing metallopolymer networks was
improved. For this purpose, the Schubert group utilized cadmium(II)-bis-
terpyridine complexes [101]. A metallopolymer network based on these complexes
was synthesized by the addition of cadmium acetate. The authors could show that
these materials behave completely different due to a different coordination of the
metal center. Presumably, the acetate moiety also coordinates to the cadmium, but
this metal–ligand interaction is much weaker, which results in an improved self-
healing behavior (Fig. 7).
4.3 Self-Healing on the Molecular Scale
The above-described examples reveal some basic principles of the self-healing
process within metallopolymers. However, a detailed understanding of the process
is complicated because different factors play a role (properties of the polymer,
binding strength, ionic interactions, etc.). Starting on the macroscopic level, the
deformation of the metallopolymer has to be mainly elastic (in particular, when
the healing of coatings and thin films is considered). By contrast, plastic defor-
mation will not provide a restoring force. The elastic recovery is important for
Fig. 7 Self-healing of a metallosupramolecular copolymer network crosslinked by cadmium-
terpyridine units: (a) scratch and (b) healing after 16 h at 80C (Copyright 2013 The Royal Society
of Chemistry) [101]
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self-healing because it is the first step of the self-healing process [72]. The healing
of bulk materials can also be promoted by bringing the damaged sites into
contact.
On the molecular scale (see Fig. 8), the healing of metallopolymers is based on
the ionic structure of the complexes and/or on the reversibility of metal complexes,
often in combination with an ordered or even hierarchical structure.
Most metal–ligand complexes are positively charged and this could lead to
an ionic structure and to a formation of ionic clusters. Comparable to “classic”
ionomers, a healing process within metallopolymers could be supported by the
ionic interactions of positively charged metal complexes and the corresponding
counterions [58, 61]. Moreover, differences in the metal complexes as well as the
polymer matrix can also lead to a phase separation, resulting in the formation of
clusters [44].
Furthermore, the strength of the metal–ligand bonding can be tuned and,
thereby, it is possible to identify a system where the metal–ligand bonding is
weak and reversible. As a consequence, the opening and reformation of metal
complexes can contribute to the healing process.
After mechanical damage (which will also lead to the cleavage of “normal”
covalent bonds) it is possible to induce mobility of the polymer by the cleavage of
Fig. 8 Metal complexes
within the self-healing
polymers feature
reversibility of the
metal–ligand interaction
and/or lead to the formation
of reversible (ionic) clusters
Fig. 9 The self-healing
process. The damage can be
healed in this case by
reversible metal–ligand
interactions. The cleavage
of these bonds induces
mobility, which can lead to
closure of the crack. The
re-formation of the
complexes leads to a new
molecular pattern
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metal–ligand interactions and/or the breakage of (ionic) clusters (see Fig. 9).
Subsequently, this change leads to healing of the mechanical damage. The original
functionality is restored after reformation of complexes and/or clusters
(i.e., immobilization). Note that the original structure is not restored, but that a
new molecular pattern is created. The phenomena of reversibility and switchability
are well known from metal–ligand bonds in solution, but the study of the behavior
of the metal–ligand interaction in the solid state is difficult [102–105]. New
methods have to be developed in order to investigate these interesting materials
in more detail.
5 Conclusion and Outlook
The fascinating material class of metallopolymers combines the world of covalent
polymers pioneered by Staudinger with the concepts and systems of supramolecular
chemistry and shows interesting properties due to the marriage of polymeric features
with the distinct properties of metal complexes. The combination of a wide range of
different metal ions with the corresponding ligands allows tuning of the desired
properties. In the field of stimuli-responsive polymers, metallopolymers have been
frequently applied. Their switchable properties enable the utilization of interesting
triggers (e.g., light) for a self-healing process. However, in contrast to other
noncovalent interactions (particularly in comparison to the prime example, hydrogen
bonds), metal complexes have been applied less frequently in self-healing materials.
First examples confirm the great potential of thesematerials and significant improve-
ments can be expected in the coming years in this field. Nature, which successfully
utilizes noncovalent interactions (e.g., in mussel byssus threads), reveals another
important issue: the order and spatial arrangement of the metal complexes.
The healing of some synthetic materials has been described on the molecular as
well as macroscopic level in recent years.
Metallopolymers, as one of the youngest members of the self-healing polymer
family, are a rather new research field. Many possibilities for the design of self-
healing polymers are imaginable. Moreover, further intense research is required to
clarify the detailed mechanisms of the healing within these materials. A deeper
understanding of the behavior of the metal–ligand bonds in the solid state is
required. This knowledge can only be gained with the use of new characterization
techniques that can reveal the molecular processes within polymeric materials. The
utilization of self-healing metallopolymers for potential applications will be the
main focus of future research. Due to their fascinating properties (e.g., light
absorption or emission), metallopolymers offer the possibility to design new func-
tional coatings [9, 106–109]. For this purpose, the combination of optical and self-
healing properties is necessary. This combination could result in a new class of
functional coatings. In that context, an improved processability of the self-healing
metallopolymer is required and known methods must be applied for these materials
[9, 110–112].
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 1.  Introduction 
 Self-healing is the ability of a material to heal or repair 
inﬂ icted damage. Materials with such characteristics 
represent a strongly emerging ﬁ eld of research. The 
self-healing ability of a material leads to the (partial) 
recovery of the mechanical properties and should extend 
 The development of artiﬁ cial self-healing materials represents an emerging and challenging 
ﬁ eld in material science. Inspired by nature—for instance by the self-healing of mussel byssus 
threads—metallopolymers gain more and more attention as attractive self-healing materials. 
These compounds are able to combine the properties of both polymers and metal–ligand 
interactions. A novel metallopolymer is developed consisting of attached bidentate triazole-
pyridine (TRZ-py) ligands and a low glass transition tem-
perature ( T g ) lauryl methacrylate backbone. The polymer is 
cross-linked with different Fe(II) and Co(II) salts. The resulting 
materials exhibit promising self-healing performance within 
time intervals of 5.5 to 26.5 h at moderate temperatures of 
50 to 100 °C. The materials are characterized by X-ray scat-
tering (SAXS), UV–Vis spectroscopy, and light microscopy. 
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the lifetime, depending on the application. The utiliza-
tion of polymers for self-healing applications has recently 
attracted great attention. Different supramolecular 
interactions [ 1 ] in polymers like ionic interactions, [ 2 ] π–π 
stacking, [ 3 ] hydrogen-bonding, [ 4 ] and metal–ligand interac-
tions [ 5 ] have been shown to impart self-healing ability into 
the respective materials. In recent years, metallopolymers 
have been identiﬁ ed as an area of special interest. [ 6 ] These 
materials combine the features of polymers and metal 
complexes, enabling the design of new materials with 
outstanding properties. A very prominent example of self-
healing metallopolymers is mussel byssus threads. [ 7 ] This 
system inspired the design of several artiﬁ cial self-healing 
metallopolymers. One way of assembling self-healing 
metallopolymers is the incorporation of the ligand within 
the polymer main chain. The ﬁ rst artiﬁ cial self-healing 
metallopolymer was reported by the group of Weder. A 
poly(ethylene- co -butylene) backbone carrying 2,6-bis(19-
methylbenzimidazolyl)pyridine ligands was cross-linked 
with Zn(NTf 2 ) 2 . [ 8 ] The resulting metallopolymer was able 
to heal-inﬂ icted damage upon exposure to light. The gen-
erated heat leads to a disengagement of the metal–ligand 
bond, a decrease in viscosity, and the healing of scratches. 
Afterwards, the original material properties were found to 
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be restored. Weder and co-workers [ 9 ] continued the devel-
opment of these switchable self-healing metallopolymers 
by implementing this complex into cellulose nanocrystals. 
 One drawback of this system is the rather high energy 
of 350 mW cm −2 and temperatures of 200 °C to 225 °C 
required for the self-healing process. Recently published 
polymethacrylates with terpyridine moieties were the 
ﬁ rst examples for self-healing of side-chain-function-
alized metallopolymers. [ 10 ] These materials were cross-
linked with iron(II) sulfate [ 10a ] and cadmium(II) acetate, 
respectively. [ 10b ] Self-healing was achieved already at 
temperatures of 100 °C and within 82 h (FeSO 4 -based net-
works) and 60 to 100 °C and 16 to 66 h (Cd(OAc) 2 -based 
networks). Nevertheless, such healing conditions are still 
quite demanding for potential applications. 
 All these examples have in common that kinetic- and 
thermodynamic properties of the metal–ligand bond are 
the key factors for the self-healing process. We hypoth-
esized that the bidentate triazole-pyridines (TRZ-py) 
exhibit comparable complex properties and, therefore, 
represents a potential system for the application in self-
healing materials. Happ et al. [ 11 ] already investigated 
the complexation properties of 4-(pyridin-2-yl)-1H-1,2,3-
triazole with iron(II) chloride tetrahydrate and cobalt(II) 
tetraﬂ uoroborate hexahydrate. 
 This contribution reports the synthesis and charac-
terization of a novel triazole-pyridine-based polymer ( 3 ) 
and its successful utilization for a self-healing polymer 
coating. For this purpose, the polymer was cross-linked 
with several divalent metal salts. The self-healing efﬁ -
ciency of the metallopolymer ﬁ lms at different tempera-
tures was investigated by light microscopy. For mecha-
nistic studies, SAXS, UV–Vis spectroscopic investigations, 
and quantum chemical calculations at the density func-
tional theory (DFT) level of theory were performed (see 
Supporting Information). The glass transition tempera-
ture ( T g ) of the polymers was determined by differential 
scanning calorimetry (DSC). 
 2.  Results and Discussion 
 Monomers  1 and  2 were polymerized using the reversible 
addition–fragmentation chain transfer (RAFT) polymeriza-
tion procedure (Scheme  1 ). Effective self-healing systems 
in general feature a low glass transition temperature, a 
high ﬂ exibility, and network mobility. [ 10 ] Therefore, lauryl 
methacrylate was utilized as comonomer. The aliphatic 
environment of the alkyl chain decreases the glass tran-
sition temperature and enhances the ﬂ exibility of the 
polymer backbone and the network mobility. 
 For copolymer  3 , a molar mass ( M n ) of 39 600 g mol −1 
and a polydispersity index (PDI) of 1.26 were obtained. 
Sufﬁ cient network mobility in the metallopolymer 
was ensured by a ligand content of 9% conﬁ rmed by 
1 H-NMR spectroscopy (Figure S1, Supporting Informa-
tion). The thermoplastic copolymer  3 showed a glass 
transition at a temperature of −85 °C (determined by DSC, 
Figure S2, Supporting Information). The DSC traces for all 
applied copolymers are provided in the Figure S3 and S4 
(Supporting Information). 
 The inﬂ uence of different divalent cations and anions 
on the glass transition temperature and the self-healing 
behavior of the cross-linked copolymers were investigated 
(Table  1 ). By cross-linking copolymer  3 with several tran-
sition metal salts, the material properties change from 
thermoplastic features for polymer  3 to at least polymeric 
networks with elastomeric properties. This network for-
mation resulted in an increase of the  T g for all copolymers 
 4a to  4l to −40 °C (Table  1 ). An increase of the glass tran-
sition temperature was also reported for other metallo-
polymer systems, e.g., cross-linked poly(vinylamines) [ 12 ] 
or the self-healing metallopolymers described by Rowan 
and Weder. These systems, showed an increase from 
−51 °C to −23 °C. However the self-healing itself occurred 
at far more elevated temperatures of 200 °C to 225 °C. [ 8 ] 
In contrast to a simple  T g -triggered reﬂ ow, these tempera-
tures are required to trigger the reversible supramolecular 
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 Scheme 1.  Schematic representation of the synthesis of copolymer  3 and the subsequent cross-linking using different metal salts into 
copolymer networks  4a to  4l .
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interaction, i.e., the metal complexes. Without this revers-
ibility (in combination with a temperature above  T g ), 
the healing will not be possible. The thermogravimetric 
analysis (TGA) showed decomposition of copolymers  3 
and  4a–k at 200 °C. Due to the relative strong complex 
bond of Fe(II) and Co(II) triazole pyridine complexes, we 
mainly focused on the investigation of metallocopoly-
mers formed by these salts. Both metals feature compa-
rable binding strengths. For this purpose, copolymer  3 
was dissolved in chloroform and the copolymer solution 
was dropped on top of a notched glass slide with a glass 
pipette. The metal ion solution was prepared separately 
by dissolving the salt in methanol. An excess of salt solu-
tion was dropped with a pipette on top of the copolymer. 
The solvents were slowly evaporated in air. The excess 
of salt and uncross-linked copolymer was removed by 
washing the surface of the glass slide several times 
with methanol and chloroform. After drying at elevated 
temperatures, small scratches were generated on the 
resulting metallocopolymer ﬁ lms using a scalpel. For sub-
sequent healing studies, the copolymer ﬁ lms were placed 
on a preheated heating plate at different temperatures. 
 Subsequently self-healing ability of differently cross-
linked copolymers was studied (Table  1 ). The self-healing 
process was followed by optical microscopy, as it repre-
sents a common method for the characterization of the 
self-healing process for scratches, scars, and defects. [ 13 ] 
The cross-linking of copolymer ﬁ lms  4a and  4h was con-
ﬁ rmed by means of UV–vis spectroscopy via the increase 
of the absorption feature of the [FeL 3 ] 2+ species at 433 nm 
and the [CoL 3 ] 2+ species at 320 nm (Figure S10 and S11, 
Supporting Information). Quantum chemical calculations 
(time-dependent DFT) performed for [Fe(TRZ-py) 3 ]Cl 2 (and 
TRZ-py) unraveled this absorption band to be mainly of 
MLCT (metal-to-ligand charge-transfer) character, while 
no bright intraligand states have been observed at this 
spectral region (detailed information concerning the 
performed quantum chemical calculations are provided 
in the Supporting Information). Hence, UV–Vis spectros-
copy represents an appropriate tool to monitor the cross-
linking of the copolymers. 
 Two scratches with different widths and the same 
length (Table  1 ) were induced on a ﬁ lm with a scalpel 
(Figure  1 ). Preliminary assessments of copolymer  4a 
showed already a certain self-healing tendency at 50 °C, 
however, not below that temperature. Though only small 
scratches of 96 μm length and 10 μm width were healed 
at 50 °C to 65 °C (Figure S5, Supporting Information). Due 
to the higher healing performance, the temperature was 
increased to 75 °C. After 5.5 h of annealing, the smaller 
scratch was healed completely. By increasing the healing 
time to 26.5 h, the larger scratch (length: 1880 μm; width: 
55 μm) was also completely healed. The relatively low 
healing temperature and high healing efﬁ ciency can be 
explained by the high mobility and ﬂ exibility within 
the copolymer network  4a ensured by a low  T g (Table  1 ) 
and a high metal–ligand dynamics. By using FeBr 2 as 
cross-linking agent, copolymer  4b showed a favorable 
self-healing behavior (Figure  2 ), although the effective 
healing temperature of 100 °C is higher in comparison to 
copolymer  4a (75 °C). There is only a small effect of the 
bromine anion to the self-healing efﬁ ciency. In the case of 
Fe(OTf) 2 -crosslinked copolymer  4d , efﬁ cient self-healing 
occurred at 75 °C to 100 °C already within 12 h (Figure  3 ). 
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 Table 1.  Overview of the investigated copolymers, cross-linking agents, self-healing temperatures, reﬂ ections observed in X-ray investiga-
tions, and crack dimensions ( S = data shown in Supporting Information; *= data not shown). 
Polymer Cross-linking 
agent
Glass transition 
temperature 
[°C]
Self-healing 
temperature 
[°C]
Healed crack dimensions 
(length/width) 
[μm]
2Θ 
[°] 
(SAXS)
 d 
[nm] 
(SAXS)
3 – – 85 S – – – S –
4a FeCl 2 – 40 S 50 to 100 1880/34 and 55 1.51 S 5.8
4b FeBr 2 – 40 S 75 1660/18 1.52 S 5.8
4c Fe(OAc) 2 – 40* no SH – – S –
4d Fe(OTf) 2 – 40 S 75 to 100 2170/42 1.51 S 5.8
4e FeSO 4 – 40* no SH – 1.13* 7.8
4f CoCl 2 – 40 S 75 to 100 1370/20 1.51* 5.8
4g CoBr 2 – 40 S 75 to 100 627/18 1.53 S 5.8
4h Co(BF 4 ) 2 – 40 S 100 1470/23 1.58* 5.6
4i Co(OAc) 2 – 40 S no SH – 1.12* 7.9
4k MnCl 2 – 40 S no SH – 1.47* 6.0
4l CuCl 2 – 40 S no SH – 1.41* 6.3
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The optimal healing temperature of 100 °C is higher in 
comparison to copolymer  4a . The ability of the triﬂ ate to 
act as additional ligand during complex rearrangement is 
in general lower than in the case of chloride, resulting in 
a less ﬂ exible and more rigid network. Due to the higher 
rigidity of the copolymer network  4e , the material was 
not able to self-heal even at elevated temperatures of 
130 °C, which we attribute to the presence of the sulphate 
anion—another nonco-ordinating counter ion on account 
of the fact that the  T g of (−40 °C) is equal to all other cross-
linked polymers ( 4a to  4k ). 
 Besides Fe(II)-salts, four different Co(II)-salts, i.e., CoCl 2 , 
CoBr 2 , Co(BF 4 ) 2 , and Co(OAc) 2 , were chosen as cross-linker 
to investigate the inﬂ uence of the cation on the healing 
behavior in comparison to Fe(II) salts. Due to the analogy 
to FeCl 2 and FeBr 2 , we started with CoCl 2 and CoBr 2 . Both 
copolymers  4f and  4g showed a self-healing behavior, 
however not below 100 °C (Figures S6 and S7, Supporting 
Information). Besides, Co(BF 4 ) 2 cross-linked copolymer 
 4h was able to self-heal at 100 °C (Figure  4 ). Copolymers 
 4i to  4l revealed rather weak cross-linking, resulting in 
a rubbery material like the pristine copolymer  3 . In the 
case of the Co(OAc) 2 cross-linked copolymer  4i , the pres-
ence of the acetate counter ions led to weaker network 
formation, probably caused by the presence of competing 
ligands, triazole as well as acetate and, consequently, 
to inappropriate material properties. As cations with 
different complex formation properties compared to 
Co(II) and Fe(II), Cu(II), and Mn(II) were chosen. In both 
cases, chloride was chosen as anion, as most promising 
self-healing results were found for the respective Fe(II) 
and Co(II) cross-linked networks. Copolymer  4l did not 
reveal any healing behavior below 75 °C. In addition, it 
seems that the metallocopolymer irreversibly decom-
plexes at 100 °C (Figure S8, Supporting Information). Also 
copolymer  4k did not show any signiﬁ cant self-healing 
properties within a temperature range of 75 °C to 100 °C 
(Figure S9, Supporting Information). Generally, polymer 
networks based on complexes with counter ions, which 
potentially can interact with the corresponding metal ion 
(e.g., chloride) show a better healing behavior. [ 10b ] 
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 Figure 1.  Self-healing of the FeCl 2 -cross-linked copolymer  4a at 75 °C; a)  t = 0, b)  t = 2 h, c)  t = 5.5 h, d)  t = 8.5 h, e)  t = 26.5 h, and f)  t = 50.5 h 
(white arrows indicate the scratch).
 Figure 2.  Self-healing of the FeBr 2 -crosslinked copolymer  4b ; 
a)  t = 0, b)  t = after 7 d (room temperature), c)  t = 3.5 h (75 °C), and 
d)  t = 21.5 h (75 °C) (white arrows indicate the scratch).
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 For structural investigations of the copolymers  3 and  4a 
to  4l , SAXS investigations were performed (Figure S12 to 
S17). Binder et al. already reported about the formation of 
clusters as a necessary prerequisite for an efﬁ cient self-
healing behavior of supramolecular materials based on 
hydrogen bonding. [ 1 ] Bode et al. described characteristic 
domain sizes of 6.3 nm (2Θ = 1.44) of presumably ionic 
clusters, consisting of iron(II)-terpyridine units as well 
as the corresponding counter ions. In the case of CdCl 2 
cross-linked terpyridine copolymers, 2Θ values of 1.40° 
and a corresponding domain size of 6.3 nm had been 
reported. [ 10b ] 
 Regarding the triazole-pyridine metallocopolymers 
 4a to  4l , domain sizes from 5.8 to 7.9 nm were observed 
(Table  1 ). All materials showing self-healing behavior 
( 4a ,  4b ,  4d ,  4f ,  4g ,  4h ) exhibited distinct broad reﬂ ections 
at 2Θ values of 1.51 to 1.58°. These signals correspond 
to domain sizes of 5.6 to 5.8 nm. For 2Θ < 1.51°, no self-
healing behavior was observed. Exemplary diffracto-
grams of copolymers  4 ,  4a ,  4b , and  4g are shown in the 
Supporting Information. These ﬁ ndings are in accord-
ance with the previously investigated terpyridine poly-
mers. The presence of ionic clusters as revealed via SAXS 
investigations seems to be a prerequisite for successful 
self-healing. 
 3.  Conclusion 
 A statistical copolymer of triazole-pyridine methacrylate 
and lauryl methacrylate was synthesized by RAFT poly-
merization. The copolymer was cross-linked with several 
transition metal salts. Fe(II) and Co(II) cross-linked met-
allocopolymers could be utilized for self-healing studies. 
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 Figure 3.  Self-healing of the Fe(OTf) 2 -cross-linked copolymer  4d (annealing temperature 75 °C to 100 °C), a)  t = 0, b)  t = 3.5 h (75 °C), 
c)  t = 9 h (75 °C), and d)  t = 12 h (100 °C) (white arrows indicate the scratch).
 Figure 4.  Self-healing of the Co(BF 4 ) 2 -crosslinked copolymer  4h ; a)  t = 0, b)  t = 48 h (room temperature), and c)  t = 16.5 h (100 °C) (white 
arrows indicate the scratch).
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UV–Vis spectroscopy was applied as a straightforward 
method for the conﬁ rmation of successful cross-linking 
within the FeCl 2 - and Co(BF 4 ) 2 -metallocopolymer ﬁ lms. 
X-ray investigations revealed characteristic domain sizes 
of 5.8 to 7.9 nm. A relation between the presence of pre-
sumably ionic clusters and a self-healing tendency of the 
respective materials could be established. Moreover the 
inﬂ uence of the anion on the self-healing behavior was 
evaluated. For Fe(II) and Co(II) cross-linked polymers, chlo-
ride salts revealed the most efﬁ cient self-healing behavior. 
The required healing temperature depends on the salt 
used for cross-linking and was found to be between 50 °C 
and 100 °C (with healing times between 5.5 and 26.5 h). 
The facile and efﬁ cient monomer and polymer synthesis 
enables this class of metallopolymers for a wide ﬁ eld of 
applications in the area of self-healing materials. To gain 
more detailed insights into the healing mechanism of this 
metallopolymer system, the scope of research will focus on 
detailed investigations about mechanical properties and 
mechanistic studies effecting the self-healing. 
 Supporting Information 
 Supporting Information is available from the Wiley Online 
Library or from the author. 
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ABSTRACT: “Click” chemistry is an effective and commonly used
technique in polymer chemistry for the synthesis and modifica-
tion of polymers. In this study, the bulk polymerization of multi-
functional alkynes and azides was achieved by the copper(I)-
catalyzed alkyne–azide 1,3-dipolar cycloaddition. The influence of
different catalyst systems on the polymerization kinetics of the
“click”reaction were evaluated by differential scanning calorime-
try. Surprisingly, Cu(I) acetate showed the most efficient catalytic
behavior among the applied Cu(I) salts. The polymerization
kinetics in solution were investigated by 1H NMR spectroscopy
and size exclusion chromatography. According to the 1H NMR
investigation the copper(I)-catalyzed cycloaddition follows a
second-order kinetics with external catalysis. Additionally, the
mechanical properties of the resulting polymers were investi-
gated by depth sensing indentation. Thereby the polymerizations
of the alkyne tripropargylamine with the azides 1,3-bis(azidome-
thyl)benzene and 1,4-bis(azidomethyl)benzene resulted in
mechanical hard materials. Furthermore, the combination of the
alkynes tripropargylamine and di(prop-2-yn-1-yl) isophorone
dicarbamate and polymerization with 1,2-bis(2-azidoethoxy)-
ethane resulted in high indentation moduli. VC 2013 Wiley Periodi-
cals, Inc. J. Polym. Sci., Part A: Polym. Chem. 2014, 52, 239–247
KEYWORDS: bulk polymerization; catalyst screening; click
chemistry; crosslinking; cycloaddition; differential scanning
calorimetry (DSC); kinetics; nanoindentation; step-growth
polymerization
INTRODUCTION The copper(I)-catalyzed azide–alkyne cyclo-
addition (CuAAC), also known in literature as “click” reac-
tion, was developed independently by Sharpless1 and
Meldal2 in 2002. This cycloaddition of terminal alkynes and
organic azides is inert to a wide range of reactive moieties
and functional groups. Among the “click”-type reactions (e.g.,
Diels2Alder3, thiole-ene reaction4), the CuAAC is the most
appealing since it proceeds in most cases in high yields,
regioselectively and without undesirable side reactions.5,6
Even though a lot of effort has recently focused on the devel-
opment of new catalyst-free click processes,7–9 it retained
the most studied and reliable reaction and has found numer-
ous applications in the field of polymer chemistry and mate-
rial science.10–17 In particular, polymer chemistry has
benefited from the CuAAC, since it often suffers from ineffi-
cient chemical conversion because of the sterical inaccessi-
bleness of reactive species. Consequently, macromolecular
architectures arose, such as block copolymers,18,19 star-like
copolymers,18,20,21 brush architectures,18,22,23 and den-
drimers.18,24–26 The CuAAC was mostly applied in solutions
of the corresponding alkynes and azides.27 Recently, the pho-
toinduced click-reaction by in situ reduction of copper(II)
acetate of multifunctional alkynes and azides was
described.28 This approach still requires the presence of a
small amount of solvent (i.e., methanol or ethanol). However,
totally solvent-free click reactions9 of polymeric compounds
and polymerizations by CuAAC, respectively, were only
scarcely studied. Binder et al. could successfully encapsulate
a poly(isobutylene)-based azido-telechelic three-arm star and
trivalent alkynes into a high-molar mass poly(isobutylene)
matrix (Mn5 250,000 g mol
21). A significant increase of the
tensile storage modulus upon shear-induced crosslinking by
CuAAC was observed and facilitates the generation of materi-
als with self-healing properties.29–31
Additional Supporting Information may be found in the online version of this article.
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Besides, understanding the reaction kinetics of the CuAAC is
important as well in order to gain insight into the reaction
mechanism and, hence, to determine crucial processing param-
eters for the design of new polymeric materials. In principle,
any copper molecule in the 11 oxidation state catalyzes the
CuAAC reaction,12 in which the catalyst efficiency and reaction
kinetics are predominantly influenced by the ligands attached
to the copper ion.32 Bromo-tris(triphenylphosphine)copper(I)
bromide [Cu(PPh3)3Br] is a commonly used catalyst for the
polymerization in solution.33 For the solvent-free CuAAC,
[Cu(PPh3)3Br] is also used due to its good solubility in organic
monomers, high catalytic efficiency, and low cost.34,35 Kessler
et al. studied the bulk step-growth polymerization of multi-
functional azides and alkynes with [Cu(PPh3)3Br] as copper(I)
source using differential scanning calorimetry and found a
reaction order between one and two.31,36
This contribution deals with the neat bulk CuAAC polymeriza-
tion of multifunctional azides and alkynes (Fig. 1). Different cop-
per(I) salts were tested as potential catalyst systems. Thereby
the “simple” copper(I) acetate showed surprisingly the highest
reactivity. The kinetics of the CuAAC polymerization was investi-
gated by 1H NMR spectroscopy and size exclusion chromatogra-
phy (SEC) in solution. Moreover, the click-polymerization was
also investigated in bulk. The mechanical properties of the
resulting polymers were studied by nanoindentation.
EXPERIMENTAL
Materials
Triethylene glycol (Fluka), copper(I) acetate, bromotris
(triphenylphosphine)copper(I) bromide (CuIBr(PPh3)3),
copper(I) bromide, copper(I)iodide, tetrakis(acetonitrile)cop-
per(I) tetrafluoroborate (CuI(CH3CN)4BF4), and tripropargyl-
amine were purchased from Sigma-Aldrich. The solvents
were dried and distilled according to standard procedures.
Triethylene glycol bis(4-toluenesulfonate),37 tris([(1-benzyl-
1H-1,2,3-triazole-4-yl)methyl]amine)copper(I) tetrafluorobo-
rate38 (CuI(TBTA)BF4), 1,3-bis(azidomethyl)benzene,
39 and
1,4-bis(azidomethyl)benzene39 were synthesized and purified
following previously described literature procedures.
Safety note: All azides were synthesized with extreme care
and tested for their thermal and mechanical stability (ham-
mer test).
Instruments
One-dimensional (1H, 13C) and two-dimensional (HSQC)
NMR spectra were recorded on a Bruker AC 300 (300
MHz) at 298 K. Chemical shifts are reported in parts per
million (ppm, d scale) relative to the residual signal of the
deuterated solvent. Standard abbreviations are used for
denoting the signal multiplicity. Elemental analysis was
carried out on a CHN-932 Automat Leco instrument. Differ-
ential scanning calorimetry (DSC) was measured on a
Netzsch DSC 204 F1 Phoenix instrument under a nitrogen
atmosphere in a temperature range from 220 to 250 C
with a heating rate of 10 K min21. Size exclusion chroma-
tograms were recorded using a SEC Shimadzu SCL-10A sys-
tem controller, a LC-10AD pump, a RID-10A refractive
index detector, and a PSS SDV pre/lin S column at 50 C
(eluent: chloroform:triethylamine:iso-propanol 94:4:2; flow
rate of 1 mL min21) using linear PS standards for the
molar mass calculation.
FIGURE 1 Schematic representation of the monomers used for the click-reactions.
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Synthesis of the Monomers
Synthesis of 1,2-Bis(2-azidoethoxy)ethane (1)
To a solution of triethylene glycol bis(4-toluenesulfonate)
(21.8 mmol, 10.00 g) in DMSO (130 mL), sodium azide (65.0
mmol, 4.25 g) was added in a round bottom flask. The reac-
tion mixture was stirred at room temperature for 48 h. The
reaction was quenched with water (100 mL). The product
was extracted with diethyl ether and the organic phase was
washed with water (3 3 50 mL). After drying over MgSO4
and evaporation of the solvent, the product was obtained as
a yellow oil (4.32 g, 98%).
1H NMR (300 MHz, CDCl3, d): 3.7023.66 (m, 8H), 3.38
(t, J5 5 Hz, 4H); 13C NMR (75 MHz, CDCl3, d): 70.7, 70.1,
50.7. Anal. calcd for C6H12N6O2: C, 36.00%; H, 6.04%; N,
41.98%. Found: C, 36.25%; H, 5.79%; N, 42.08%
Synthesis of Di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-1,
6-diyl)dicarbamate (3)
To a solution of 1,6-diisocyanato-2,2,4-trimethylhexane (23.8
mmol, 5.00 g, diastereomeric mixture) and dibutyltin(II)-
dilaurate (0.0004 eq.) in toluene (10 mL) was added prop-2-
yn-1-ol (47.6 mmol, 2.61 g) dropwise within 15 min. The
reaction mixture was stirred at 60 C for 48 h. After evapo-
ration of the solvent and running through a short pad of
silica the product was obtained as a viscous yellow oil (7.51
g, 98%).
1H NMR (300 MHz, CDCl3, d): 5.1424.91 (br, 2H; N2H), 4.65
(br, 4H; C(O)OACH2), 3.2022.88 (m, 4H; NH2CH2), 2.46 (d,
J5 1.8 Hz, 2H; CBCH), 1.7021.22 (br, 3H), 1.0520.86 (m,
11H; CH2, CH3);
13C NMR (75 MHz, CDCl3, d): 155.8, 155.7,
155.4, 129.0, 128.2, 125.3, 78.4, 74.6, 74.5, 52.5, 52.3, 51.4,
48.6, 46.4, 45.9, 41.9, 39.2, 39.1, 37.4, 35.0, 32.9, 29.4, 27.4,
26.1, 25.5, 25.1, 22.3, 21.4, 20.5; EIMS (m/z (%)): 345.18
(100) [M11Na]; Anal. calcd for C17H26N2O4: C, 63.33%; H,
8.13%; N, 8.69%; found: C, 63.07%; H, 7.91%; N, 8.83%.
Synthesis of Di(prop-2-yn-1-yl) isophorone
dicarbamate(4)
To a solution of 5-isocyanato-1-isocyanatomethyl-1,3,3-
trimethylcyclohexane (13.5 mmol, 3.00 g, diastereomeric
mixture) and dibutyltin(II)-dilaurate (0.27 mmol, 0.017 g) in
toluene (40 mL) was added prop-2-yn-1-ol (27 mmol, 1.51
g) dropwise within 15 min. The reaction mixture was stirred
at 60 C for 48 h. After evaporation of the solvent and run-
ning through a short pad of silica, the product was obtained
as a white precipitate (4.15 g, 92%).
1H NMR (250 MHz, CDCl3, d): 4.67 (s, 4H), 3.78 (m, 2H),
3.26 (m, 1H), 2.92 (d, 1H), 2.47 (d, 1H), 0.76–1.43 (m, 15H);
13C NMR (75 MHz, CDCl3, d): 155.8, 154.6, 74.7, 74.5, 54.9,
52.5, 52.2, 46.9, 46.2, 44.9, 41.7, 36.4, 35.0, 31.8, 27.6, 23.1;
EIMS (m/z (%)): 357.18 (100) [M11Na]
Synthesis of 3-(2-Methyl-3-(prop-2-yn-1-yloxy)22-
((prop-2-yn-1-yloxy)methyl)propoxy)prop-1-yne (6)
Potassium hydroxide (1 mol, 65.24 g) was suspended in
DMSO (300 mL) for 2 h at 50 C. 1,1,1-Tris(hydroxymethyl)
ethan (12.02 g, 0.1 mol) was added to the solution. After-
ward, propargylbromide (56 mL, 0.5 mol) was added within
3 h while the reaction temperature was kept below 22 C.
The reaction mixture was diluted with water (4 L) and sub-
sequently extracted with tert-butylmethylether (3 3 400
mL). The organic phase was washed with water (2 3 300
mL) and dried over Na2SO4. The solvent was evaporated in
vacuo. The raw product was purified by column chromatog-
raphy on silica gel (hexane/EtOAc, 4:1) to afford compound
7 (31.9 g, 37% yield) as an orange solid, m.p. 56–57 C).
1H NMR (400 MHz, CDCl3, d): 4.12 (d, J5 2.4 Hz, 8H,
OCH2ACB), 3.53 (s, 8H, OCH2), 2.41 (t, J5 2.4 Hz, 4H,
BCH); 13C NMR (100 MHz, CDCl3, d): 80.0 (CBCH), 74.1
(CBCH), 69.0 (OCH2), 58.7 (OCH2ACB), 44.8 (C).
Synthesis of 3-(3-(Prop-2-yn-1-yloxy)22,2-bis((prop-2-yn-
1-yloxy)methyl)propoxy)prop-1-yne (7)
Potassium hydroxide (3 mol, 195.72 g) was suspended in
DMSO (900 mL) for 2 h at 50 C. Pentaerythriol (40.86 g,
0.3 mol) was added to the solution. Afterward, propargylbro-
mide (168 mL, 1.5 mol) was added within 3 h while the
reaction temperature was kept below 24 C. The reaction
mixture was diluted with water (8 L) and subsequently
extracted with tert-butylmethylether (3 3 800 mL). The
organic phase was washed with water (2 3 400 mL) and
dried over Na2SO4. The solvent was evaporated in vacuo. The
raw product was purified by column chromatography on
silica gel (hexane/EtOAc, 4:1) to afford compound 7 (6.71 g,
29% yield) as an orange liquid.
1H NMR (400 MHz, CDCl3, d): 4.12 (d, J5 2.4 Hz, 8H,
OCH2ACB), 3.53 (s, 8H, OCH2), 2.41 (t, J5 2.4 Hz, 4H,
BCH);13C NMR (100 MHz, CDCl3, d): 74.1 (CBCH), 80.0
(CBCH), 69.0 (OCH2), 58.7 (OCH2ACB), 44.8 (C).
General Procedure for the Cu(I)-Catalyzed Polyaddition
Safety note: In the case of copper(I) acetate as catalyst
source, spontaneous inflammation has been observed at a
catalyst concentration above 4 mol % and at a reaction tem-
perature beyond 50–70 C.
In the case of the step-growth copolymerization of the bis-
alkyne and the bis-azide, both components were charged in
a small glass vial using an equimolar ratio and stirred for 10
min. After that, the respective copper(I) catalyst was added
(0.5–2 mol %) and the neat solution was stirred for another
5 min until the copper salt has been dissolved. The solution
was deposited in a metal or Teflon ferrule (0.5–1 mm height,
15-mm inside diameter) placed on a glass slide using a 1-mL
syringe. The obtained polymer reference block was suited
for nanoindentation measurements.
For the crosslinking polyadditions, the alkynes with a degree
of functionalization higher than two were mixed with the
copper(I) catalyst (0.25–2 mol %) before the polymerization.
Usually after 1 h stirring, the catalyst was dissolved and the
solution turned yellow. The bis-azide was added in equimo-
lar amounts (same content of functional groups) and the
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previously described procedure was repeated for
polymerization.
For some polymerization procedures, the ferrule was cov-
ered with PET foil and the reaction was carried out under
nitrogen using a funnel.
Monitoring of the Step-Growth Copolymerization by 1H
NMR Spectroscopy in Solution
First, a solution of 1,2-bis(2-azidoethoxy)ethane (28 mg, 0.14
mmol) and di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-1,6-
diyl)dicarbamate (45 mg, 0.14 mmol) was prepared in 0.4
mL of CD3OD and introduced into a NMR tube. The
1H NMR
spectrum was recorded after optimization of the line width
at 32 C without catalyst yielding the spectrum at t5 0 min.
After that copper(I) acetate (0.5 mg, 4 3 1023 mmol) was
dissolved in 0.1 mL of CD3OD and added into the NMR tube.
After the optimization of acquisition parameters (pulse
width, acquisition time, spectral width), a 1H NMR spectrum
was recorded every 5 min. The conversion was calculated
for the bis-azide monomer by integration of the 1H NMR
spectra following the protons adjacent to the two oxygen
atoms between 3.70 and 3.66 ppm. The carbamate monomer
was not considered for calculation, since most signals were
overlaid.
Monitoring of the Step-Growth Copolymerization
by SEC in Solution
1,2-Bis(2-azidoethoxy)ethane (80 mg, 0.4 mmol) and
di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-1,6-diyl)dicarba-
mate (129 mg, 0.4 mmol) were dissolved in 1 mL of the
respective solvent (MeOH, DMF, DMSO) using a small vial
(5 mL). The solution was stirred for 5 min at 32 C and 20
lL was taken for the SEC measurement at t5 0 min. Subse-
quently, copper(I) acetate (2 mg, 0.016 mmol) was added
and SEC measurements were consecutively carried out.
Mechanical Properties
The mechanical properties of the samples were characterized
via depth-sensing indentation (DSI) using a TriboIndenter TI
900 (Hysitron, Minneapolis, MN) and a NanoDMA 06 trans-
ducer, equipped with a conospherical diamond indenter tip
of 4.7 mm radius. The measurements were conducted at
ambient conditions, at 26.4 C and 44.8% relative humidity
(RH) for polymers a and c, at 30.0 C and 38% RH for poly-
mer b, measured with a Voltcraft DL-141TH data logger. For
the other samples f to h, the sample compartment of the Tri-
boIndenter was purged with dried air before the measure-
ments to lower the humidity the samples were exposed to.
The measurements were started after equilibration of the
relative humidity (RH) at 56 1% and a temperature of
26.46 1.2 C. For quasi-static testing, an open loop load
function with a 1-s loading, 2-s hold at maximum load, and
1-s unloading profile was applied to the polymers a to c
with indent forces between 100 and 2000 mN. For the softer
polymers f to h, a different protocol was used with 10 s
loading, 10 s hold at maximum load, and unloading in 1 s
with indent forces between 75 and 300 mN.40 All measure-
ments for each sample were performed in a single auto-
mated run in less than 3 h using a 4 3 4 array piezo
automation. The reduced modulus Er was determined from
the unloading response utilizing the analysis method pro-
posed by Oliver and Pharr.41 Values were averaged from at
least 10 measurements each. From the reduced modulus Er,
the indentation modulus Ei was calculated using the elastic
modulus and Poisson’s ratio of the diamond indenter, 1140
SCHEME 1 Schematic representation of the polyaddition of bifunctional as well as multifunctional monomers by CuAAC.
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GPa and 0.07, respectively, and a Poisson’s ratio of 0.4 for
the polymeric material, according to
Ei;sample5
12v2sample
1
Er;sample
2
12v2indenter
Eindenter
(1)
The hardness has the normal definition:
H5
pmax
A
(2)
RESULTS AND DISCUSSION
Catalyst Screening
First, different Cu(I) sources have been studied in order to
identify a highly efficient catalyst for the solvent-free
FIGURE 2 DSC traces (exothermic direction: down) for the neat polymerization of 1 and 3 depending on the copper(I) source and
its concentration [() 0 mol %, (•) 0.5 mol %, (~) 1 mol % and (?) 2 mol % of copper(I)].
FIGURE 3 1H NMR spectra (CDOD3, 1.5 mol % CuOAc, 32
C) of the polymerization of 1 and 3 monomers.
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cycloaddition (Scheme 2). For the screening of different
copper salts 1 and 3 were chosen as model system
(Scheme 1). The amount of catalyst was varied from 0.5 to
2 mol %. DSC measurements were performed in a temper-
ature range of 220 to 250 C with a constant heating rate
of 10 K min21.
The catalyst efficiency was correlated with the temperature
shift of the exothermic click reaction, whereby the noncata-
lyzed reaction served as a reference (temperature onset at
70 C). It was assumed that in case of a larger shift (of the
DSC curve) to lower temperatures, the catalyst contribution
to the reaction is higher. The higher contribution to the
FIGURE 4 Left: Monomer conversion of azide 1 over time. Right: Second-order linearization where [M]t is the monomer concentra-
tion at a certain time.
FIGURE 5 SEC analyses of the polymerization processes (DMSO-d6, DMF-d7, 1.5 mol % CuOAc, 32 C) of the TEG-(N3)2 and the
urethane-bisalkyne monomers. (a) Deuterated dimethyl sulfoxide and (b) deuterated DMF as solvents.
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reaction results at least in a higher copper catalyst efficiency.
The integration of the individual peaks (Fig. 2) provides the
reaction heat DH, generated during the reaction. The reaction
heat DH of the polyaddition was in the range of 560 kJ
mol21. In case of the CuAAC polyaddition of tetraethylene
glycol diyne and bisphenol A bisazide as well as tetraethy-
lene glycol diyne/bisphenol E bisazide the reaction heat is in
the range of 396–419 kJ mol21 by applying different cata-
lysts.31 The commonly used copper salts Cu(TBTA)BF4 and
Cu(CH3CN)4BF4 revealed a relatively low-temperature shift
(Fig. 2). Hence, the reaction mainly proceeds uncatalyzed
and shows only a minor contribution of the catalyst. In case
of Cu(PPh3)3Br, there is a significant shift of the onset tem-
perature from 95 C (no catalyst) to 75 C with a catalyst
concentration. of 1.0 mol %. When a concentration of 1.0
mol % is used, the reaction seems to be mainly driven by
the catalyst. However, there is still a copper-free contribution
to the reaction, which is depicted in a small shoulder next to
the main peak (see Fig. 4 bottom left). The largest change in
initiation temperature was observed with. The amount of
added catalyst has a remarkable effect on the initiation tem-
perature. The uncatalyzed reaction starts at 90 C and can
be lowered to at least 45 C (2.0 mol % CuOAc). This cata-
lytic system showed by far the highest efficiency and may
lead to carbonization at room temperature.
Click Polymerization in Solution
Kinetic Studies by 1H NMR Spectroscopy
In order to obtain information on the kinetics of the CuAAC
step-growth copolymerization in solution 1H NMR studies
were performed using CD3OD as solvent. The reaction of
bifunctional monomers 1 and 3 (Scheme 1) served as a
model system, whereby an equimolar monomer ratio was
used. The reaction was performed at 32 C with a CuOAc
concentration of 1.5 mol %. The 1H NMR spectra are
depicted in Figure 3 in a time period of 70 min. For the
kinetic analysis, only the data below 70 min were taken into
account. After 70 min, a signal broadening was observed
and, therefore, a reliable interpretation was not possible any-
more. The conversion of the copper-catalyzed step-grow
polymerization was observed by the change of characteristic
signals. The decrease of the azide methylene group
(ACH2AN3) of monomer 1 at 3.38 ppm was correlated with
the methyl protons of monomer 3 (0.6–1.7 ppm), in which
the methyl protons were used as an internal standard. The
conversions of the monomers were calculated by integration
of the 1H NMR spectra. The azide conversion rates versus
reaction time are presented in Figure 4.
The plot of the reziproke azide monomer concentration
(1/[M]t) versus the reaction time (t) is depicted in Figure 4.
By linearization it could be proven that the polymerization is
TABLE 1 Composition of Polymers, Catalyst Concentrations, and Corresponding E-Moduli
Polymer Monomer I Monomer II Monomer III
CuOAc Concentration
(mol %)
Indentation
Modulus (GPa)
a 5 1 4 0.25 6.256 0.4
b 5 2b 0.25 5.786 0.14
c 5 2a 0.25 5.66 0.5
d 5 1 0.25 0.0866 0.028
e 7 1 0.25 0.0386 0.003
f 6 1 0.25 0.0386 0.004
FIGURE 7 Indentation modulus versus indentation depth of the
polymers d, e, and f.
FIGURE 6 Indentation modulus versus indentation depth of the
polymers a, b, and c.
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following a second-order kinetics with external catalysis
with an induction period of about 20 min (k15 2.7 3 10
22
L mol21 s21). The short induction period can be explained
by the formation of the active catalyst species. After the
active catalyst has been formed, the reaction experiences a
rate acceleration of about one order of magnitude (k25 1.0
3 1021 L mol21 s21).
Size Exclusion Chromatography
As a second method, SEC was used to investigate the kinetics
of the CuAAC reaction shown in Scheme 1. The aim of this
characterization strategy was to elucidate the achievable
molar masses by the CuAAC reactions. The molar monomer
ratio was 1:1. The reactions were performed at 32 C with a
CuOAc concentration of 1.5 mol % using two different sol-
vents. In deuterated dimethylformamide, the reaction pro-
gress did not significantly change after 180 min and in
deuterated methanol (for the comparability of the 1H NMR
kinetics) after 260 min (Fig. 5), respectively.
After 10 min reaction time, a slight increase of oligomeric
reaction products is noticeable in case of DMF (Fig. 5) corre-
lating with a decrease of monomer concentration (elution vol-
ume of 11.4 mL). After a reaction time of 80 min (DMF)
polymers are formed. In case of DMSO as solvent, the reaction
tends to the formation of oligomers after a reaction time of 5
min. After 300 min, the molar masses did not increase further.
In dimethylformamide molar masses (Mn) of 17,000 g mol
21
(PDI5 1.76) can be observed corresponding to a degree of
polymerization (DP) of 33. In contrast to DMF molar masses
of 166,000 g mol21 (PDI5 2.40) were obtained with a DP of
318 in dimethyl sulfoxide. The relative high molar masses
achieved in DMSO in comparison to DMF can be explained by
the higher solubility of the polymer and catalyst in DMSO.
Bulk Polymerization
For the polymerization, the alkyne 5 was activated by stir-
ring with the CuOAc for several hours. Thereby, the catalyst
concentration could be reduced to 0.25 mol % of CuOAc
(Table1). A concentration above 0.25 mol % copper(I) acetate
led to carbonization in most cases. Afterward, the azide was
added to the monomer/catalyst mixture. The CuAAC reactions
were performed under nitrogen for 24 h at room tempera-
ture. Afterward, the samples were heated up to 50 C on a
heating plate to maximize the conversion rate. For compari-
son, a commercial polycarbonate standard sample from Hysi-
tron was used as a reference system (for additional
information see the Supporting Information). The mechanical
properties of the polymers were correlated with the azide
conversion of the monomer by ATR-IR. The reaction progress
was followed by the change of the azide absorption band at
2100 cm21 and azide conversions rates of >95% could be
achieved in all cases (Table 1). With a quantitative azide con-
version polymer b exhibited an E-modulus of 5.786 0.14 GPa
(Table 1). Surprisingly, choosing a more flexible monomer 2a
lead to the indentation modulus of 5.66 0.5 GPa (polymer c).
Although the azide conversions of polymers d, e, and f have
been quantitatively, the E-moduli were extremely low. The
TEG-bisazide monomer decreases the network density as well
as rigidity, which leads to a flexible soft material. With poly-
mer a, the network density is believed to be increased and a
maximum of 6.25 60.4 GPa could be achieved.
Figures 6 and 7 show the indentation moduli, separated into
two series for polymers a–c and polymers d–f, which were
used to calculate the averaged indentation moduli for (Table
1). The polymers a–c, e, and f are nearly independent from
the indentation depth, whereas polymer d shows a decrease
with increasing indentation depth because of inhomogeneity
of the polymerized material. The load-displacement
responses are shown in the Supporting Information.
CONCLUSIONS
By applying different Cu(I)-salts for the solvent-free click-poly-
addition, CuOAc was identified as the most efficient catalyst. It
could be shown that the copper(I)-catalyzed cycloaddition fol-
lows the trend of a second-order step–growth polymerization
with external catalysis after an indication period of 20 min.
The achievable molar masses by using the CuAAC strongly
depended on the solvents and the solubility of the polymers.
For DMSO-d6, molar masses (Mn) of 166,000 g mol
21 could
be achieved in comparison to DMF-d7 where only molar
masses of 17,000 g mol21 were obtained. The obtained inden-
tation modulus of 6.25 GPa6 0.4 make these polymers inter-
esting for a variety of applications.
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SCHEME 2 Schematic representation of the different copper catalysts for the Huisgen [312] cycloaddition reaction under solvent-
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3938 | Polym. Chem., 2013, 4, 3938–Photoinduced polyaddition of multifunctional azides
and alkynes
Benedict Sandmann,ab Bobby Happ,abc Ju¨rgen Vitz,abc Martin D. Hager,ab
Peter Burtscher,d Norbert Moszner*d and Ulrich S. Schubert*abc
The photoinduced copper(I)-catalyzed polymerization of multifunctional azides and alkynes is facilitated
by the photoreduction of copper(II) acetate generating copper(I) ions without using any additional
photoinitiator. The polymerization can only be carried out in solution using at least 15 wt% of
methanol. Depending on the catalyst concentration quantitative monomer conversions can be achieved
allowing the determination of the mechanical properties. The bifunctional system consisting of a di-
azide and di-alkyne exhibited the highest Young's modulus value of 1600 MPa.Introduction
In the 1960s, 1,3-dipolar cycloaddition was extensively studied by
Rolf Huisgen, among others in particular the non-catalyzed
reaction of organic alkynes and organic azides. The discovery of
the CuI-catalyzed azide–alkyne cycloaddition (CuAAC) by the
groups of Meldal and Sharpless in 2002 has accelerated the
application of this chemical transformation and represents
nowadays themost prominent example of click chemistry. Due to
its high tolerance to a large range of building blocks and,
generally, with the generation of minor (or conveniently sepa-
rable) by-products it has found a wide range of applications
ranging from drug discovery over polymer chemistry to materials
science.1–7
The required CuI catalyst can be generated by several
approaches inwhich themost commonmethods include (i) in situ
reduction of CuII to CuI by various reducing agents or via photo-
reduction, (ii) direct addition of CuI salts or as CuI-based tri-
azolylidene carbene complexes, (iii) addition of ligand-stabilized
CuI salts [tris(1-benzyl-1H-1,2,3-triazol-4-yl)methylamine) (TBTA),
N,N-diisopropylethylamine (DIPEA)], or (iv) using metallic copper
(generation by comproportionation of Cu0 and CuII).1
Photoinduced reduction of copper(II) complexes can be per-
formed by either direct or indirect photolysis. For the indirect
approach, the reduction of the Cu(II) ion results from a reaction
with a photoactivator. The photoactivator absorbs light in the
ultraviolet or visible region of the electromagnetic spectrum,ar Chemistry (IOMC), Friedrich Schiller
7743 Jena, Germany. E-mail: ulrich.
82 02
Schiller University Jena, Philosophenweg
, 5600 AX Eindhoven, The Netherlands
FL-9494 Schaan, Liechtenstein. E-mail:
3942where the copper complex is light-transmissive and forms reactive
intermediates (usually radicals) which provoke the photoreduc-
tion of Cu(II) into Cu(I). This method oen suﬀers from undesired
side-reactions and the production of undesired byproducts.8–10
Direct photolysis generates the desired metal ion upon
irradiation of its higher oxidation state species at appropriate
wavelengths. In particular copper(II) complexes are able to
undergo an intramolecular electron transfer from the p-system
of the ligand to the metal ion (ligand-to-metal charge transfer
character) resulting in the photoreduction of Cu(II) into Cu(I)
species.11–13 The photoinduced copper(II) catalysis has been
used to achieve spatial and temporal control of the CuAAC.14
For applications in materials science the 1H-1,2,3-triazole
heterocycles proved to be a stable linking unit creating
advanced block copolymers and polymer networks.15–17
Recently, the group of Bowman could manage the rst CuAAC
bulk photopolymerization of multifunctional alkyne and azide
monomers using a radical-generating photoinitiator, which was
carried out from low molar mass, non-viscous monomer resins.
This approach readily provided high glass transition tempera-
ture polymers that contained 1H-1,2,3-triazole linkages
throughout the polymer network.18
In our approach several copper(II) salts were tested towards
facilitating a photoinduced polymerization of multifunctional
azides and alkynes by CuAAC without using a radical-generating
photoinitiator. The Young's modulus of the materials was deter-
mined by nano-indentation measurements. Depending on the
average functionality of the monomer systems used, signicant
diﬀerences in the indentation modulus values were observed.Experimental section
Materials
All copper(II) salts were acquired from commercial sources and
used without further purication. Copper(II) acetate shows anThis journal is ª The Royal Society of Chemistry 2013
Paper Polymer Chemistry
Pu
bl
ish
ed
 o
n 
24
 A
pr
il 
20
13
. D
ow
nl
oa
de
d 
by
 T
hu
er
in
ge
r U
ni
ve
rs
ita
ts 
La
nd
es
bi
bl
io
th
ek
 Je
na
 o
n 
01
/1
0/
20
14
 0
8:
47
:3
3.
 
View Article Onlineabsorption maximum at lmax ¼ 247 nm (3 ¼ 3250 M1cm1) in
methanolic solution. Tripropargylamine was purchased from
Aldrich. Tetra-alkyne 4 was synthesized according to a literature
procedure.19 The solvents were dried and distilled according to
standard procedures and stored under nitrogen.
All photopolymerizations were carried out on a glass
substrate. The solutions were irradiated with a Xenon photo-
ash lamp (320 to 520 nm) using a Kulzer Dentacolor XS (270W;
ash frequency ¼ 20 Hz).Instrumentation
1D (1H, 13C) and 2D (HSQC) NMR spectra were recorded on a
Bruker AC 300 (300 MHz) at 25 C. Chemical shis are reported
in parts per million (ppm, d scale) relative to the residual signal
of the deuterated solvent. Standard abbreviations are used for
denoting the signal multiplicity.
ESI-Q-TOF-MS measurements were performed using a
microTOF (Bruker Daltonics) mass spectrometer equipped with
an automatic syringe pump, which is supplied from KD Scien-
tic for sample injection. The mass spectrometer was operated
in the positive-ion mode. Elemental analysis was carried out on
a CHN-932 Automat Leco instrument.
The mechanical properties of the samples were character-
ized via depth-sensing indentation (DSI) using a TriboIndenter
TI 900 (Hysitron Inc.) and a NanoDMA 06 transducer equipped
with a conospherical diamond indenter tip of 4.7 mm radius.
The measurements were conducted under ambient conditions
controlled by a Voltcra DL-141 TH data logger. The measure-
ments were started aer equilibration at a relative humidity of
5  1% and a temperature of 1.2 C. For quasi-static testing,
an open loop load function with a 1 s loading, a 2 s hold at
maximum load, and a 1 s unloading prole was applied to the
polymers with indent forces between 75 and 300 mN.20 All
measurements for each sample were performed in a single
automated run in less than 3 h using a 4  4 array piezo auto-
mation. The reduced modulus Er was determined from the
unloading response utilizing the analysis method proposed by
Oliver and Pharr.21 The values were averaged from at least ten
measurements each. From the reduced modulus Er, the
indentation modulus Ei was calculated using the elastic
modulus and the Poisson's ratio of the diamond indenter (1140
GPa and 0.07, respectively) and the Poisson's ratio of the poly-
meric material (0.4).Synthesis of 1,2-bis(2-azidoethoxy)ethane (1)
To a solution of triethylene glycol bis(4-toluenesulfonate) (21.8
mmol, 10 g) in DMSO (130 mL), sodium azide (65 mmol, 4.25 g)
was added in a round bottom ask. The reaction mixture
was stirred at room temperature for 48 h. The reaction was
quenched with water (100 mL). The product was extracted with
diethyl ether and the organic phase was washed with water (3 
50 mL). Aer drying over MgSO4 and evaporation of the solvent,
the product was obtained as a yellow oil (4.32 g, 98%). 1H NMR
(300 MHz, CDCl3, d): 3.70–3.66 (m, 8H), 3.38 (t, J ¼ 5 Hz, 4H); 13C
NMR (75 MHz, CDCl3, d): 70.7, 70.1, 50.7. Anal. calcd forThis journal is ª The Royal Society of Chemistry 2013C6H12N6O2: C, 36.00%; H, 6.04%; N, 41.98%; found: C, 36.25%;
H, 5.79%; N, 42.08%.Synthesis of di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-1,6-diyl)
dicarbamate (2)
To a solution of 1,6-diisocyanato-2,2,4-trimethylhexane (23.8
mmol, 5 g, positional isomeric mixture) and dibutyltin(II)-dilau-
rate (0.0004 eq.) in toluene (10 mL) was added prop-2-yn-1-ol
(47.6mmol, 2.61 g) dropwise within 15min. The reactionmixture
was stirred at 60 C for 48 h. Aer evaporation of the solvent and
running through a short pad of silica the product was obtained as
a viscous, yellow oil (7.51 g, 98%). 1H NMR (300 MHz, CDCl3, d):
5.14–4.91 (br, 2H; N–H), 4.65 (br, 4H; C(O)O–CH2), 3.20–2.88 (m,
4H; NH–CH2), 2.46 (d, J¼ 1.8 Hz, 2H; C^CH), 1.70–1.22 (br, 3H),
1.05–0.86 (m, 11H; CH2, CH3);
13C NMR (75 MHz, CDCl3, d):
155.8, 155.7, 155.4, 129.0, 128.2, 125.3, 78.4, 74.6, 74.5, 52.5, 52.3,
51.4, 48.6, 46.4, 45.9, 41.9, 39.2, 39.1, 37.4, 35.0, 32.9, 29.4, 27.4,
26.1, 25.5, 25.1, 22.3, 21.4, 20.5; EIMS (m/z (%)): 345.18 (100)
[M+ + Na]; Anal. calcd for C17H26N2O4: C, 63.33%; H, 8.13%; N,
8.69%; found: C, 63.07%; H, 7.91%; N, 8.83%.General procedure for the Cu(I)-catalyzed polyaddition
Safety note. The copper(I)-catalyzed polyaddition of multi-
functional alkynes (at least three alkyne groups per molecule)
with copper(II) acetate as the catalyst source may lead to
inammation upon irradiation at catalyst concentrations above
3 mol%.
The multifunctional alkyne and the bis-azide 1 were charged
in a small glass vial using an equimolar ratio and were stirred
for 10 min. Aer that, the respective solvent (MeOH, EtOH,
DMF, 15–50 wt%) and, subsequently, the copper(II) catalyst was
added (0.5 to 3 mol%) and the solution was stirred for another 5
min until the copper salt had been dissolved. The solution was
deposited in a metal or Teon ferrule (0.5 to 1 mm height,
15 mm inside diameter) placed on a glass slide using a 1 mL
syringe. The glass slide was inserted into the Kulzer Dentacolor
and irradiated for 180 s. The cured polymer reference block was
suitable for nano-indentation measurements.Results and discussion
The aim of the photoinduced polymerization was to reduce
copper(II) to copper(I) ions by light excitation using a Xenon
photoash lamp (spectral range of light emission: 320 to
520 nm) and, consequently, gaining control over the initiation
of the polyaddition. The monomers depicted in Fig. 1 were used
to engineer diﬀerent model systems with an average function-
ality equal or greater than two.
The bifunctional system consisting of 1,2-bis(2-azidoethoxy)-
ethane and di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-1,6-diyl)-
dicarbamate served as a model system in order to study the
solubility of diﬀerent copper(II) salts in a neat reaction regime.
Di-m-hydroxo-bis[(N,N,N0,N0-tetramethylethylenediamine)-
copper(II)] chloride (Cu[TMEDA]Cl2) and copper(II) triate have
emerged to be soluble in the neat bifunctional system (Table 1).
However, these salts were unable to launch the copper-catalyzedPolym. Chem., 2013, 4, 3938–3942 | 3939
Fig. 1 Schematic representation of the monomers used for the photoinduced
CuAAC.
Scheme 1 Schematic representation of the photoinitiated CuAAC polyaddition
of monomers 1 and 2.
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View Article Onlinepolyaddition when irradiating with light. The only copper(II) salt
being photocatalytically active without additional photo-
initiator was copper(II) acetate in which a solvent (methanol,
DMF) has to be present (weight fraction greater than 15%)
(Scheme 1). The use of methacrylate-based solvents (2-
hydroxyethyl methacrylate), which could have been utilized in a
post-polymerization process, failed due to the insolubility of
copper(II) acetate.
The curing of the polymer was optimized by an appropriate
adjustment of the photocatalysis conditions in the Kulzer device
(catalyst and solvent content). A copper(II) acetate content of
2.5 mol% had to be used in order to successfully polymerize at an
irradiation time of 180 s. Concentrations exceeding 5mol% led to
carbonization of the reaction mixture. The photopolymerization
usually yielded yellow-brownish polymers (see the inset of Fig. 3),
which were insoluble in common organic solvents. Hence, the
obtained materials could not be studied by NMR spectroscopy or
size exclusion chromatography. Attenuated total reection
infrared spectroscopy (ATR-IR) provided an estimation of theTable 1 Solubilty of Cu(II) salts in a neat reaction mixture of monomers 1 and 2
Structure
Solubilitya 0 1
Structure
Solubilitya 1 1
a Scale 0 to 5, insoluble to highly soluble (relative scale).
3940 | Polym. Chem., 2013, 4, 3938–3942monomer conversion by using the asymmetric azide vibration at
2101 cm1. The monomer conversion exceeded 95% at a catalyst
concentration of 2.5 mol% (Fig. 2).
The photopolymerized specimens of the bifunctional system
were further suitable for the investigation of the mechanical
properties by nano-indentation experiments. The addition of a
silicon dioxide-based ller material (Aerosil OX-50, Evonik)
resulted in a general inhibition of the photopolymerization
process and the generation of sticky surfaces whereby nano-
indentation experiments were inapplicable.
The mechanical properties of the photopolymerized speci-
mens with the monomers 1 and 2 were correlated with the
monomer conversions obtained by ATR-IR spectroscopy. If the
monomer conversion fell below 90% (catalyst concentration
<2.5 mol%) the specimens were too so and not useful for
indentation measurements. The indentation modulus for 95%1 1
5 4
This journal is ª The Royal Society of Chemistry 2013
Fig. 2 ATR-IR spectra of monomer mixture 1 and 2 (solid line) and polymer 5
(dashed line).
Scheme 2 Schematic representation of the photoinitiated crosslinking by
CuAAC of monomers 1 and 3.
Fig. 4 Color change (at intervals of one minute) of the stock solution of 1 and 3
in MeOH (15 wt%) as well as CuII(OAc)2 (1 mol%).
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View Article Onlinemonomer conversion of polymer 5 is depicted in Fig. 3 in
dependence of the depth of indentation. The modulus stayed
relatively constant over a depth of 1000 nm and, consequently,
conrms the homogeneity of the material. A remarkably high
average indentation modulus of 1.6  0.1 GPa was obtained in
spite of using exible monomers as well as small amounts of a
solvent. A commercial polycarbonate polymer (Hysitron PC
standard 5-218, Er¼ 2.95 GPa) was used as the reference system
and an average indentation modulus of 3.1  0.2 GPa was
determined.
The photoinduced polymerization of the difunctional azide 1
and tripropargylamine (Scheme 2) can only be carried out in
solution using at least 15 wt% of methanol; otherwise precipi-
tation of the catalyst occurred. Similar observations for the
catalyst behavior solubility (solubility and catalytic activity) were
retrieved as for the bifunctional system. However, the threshold
limit value of the catalyst concentration for almost quantitative
monomer conversion dropped to 0.7 mol%; the trifunctional
alkyne turned out to be more reactive than the bifunctional one.
Uncontrollable reaction rates and carbonization has been already
observed at copper(II) acetate concentrations of 2.5 mol%. When
stirring a methanolic solution of the monomer mixture 1 and 3
with Cu(OAc)2 (0.7 to 2.5 mol%) a color change from turquoise toFig. 3 Dependence of the indentation modulus on the depth of indentation of
polymer 5 (monomer conversion >95%).
This journal is ª The Royal Society of Chemistry 2013colorless takes place within ve minutes (Fig. 4). The catalyst
activity highly depends on the color status and reaches its
maximum at the colorless state. Thereby the reaction
proceeds quantitatively and the colorless polymer 6 was obtained
(see inset Fig. 5).
The average indentation modulus of 6 decreased by almost
one order of magnitude compared to polymer 5 to 0.17  0.03
GPa. Consequently, the depth of indentation of the tip is twice
as much as for polymer 5 (constant applied force) (Fig. 5).Fig. 5 Dependence of the indentation modulus on the depth of indentation of
polymer 6 (monomer conversion >95%).
Polym. Chem., 2013, 4, 3938–3942 | 3941
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View Article OnlineFurthermore, an overall decrease of the indentation modulus
with the increasing depth of indentation was observed revealing
an increase in soness of the material.
The reaction of monomers 1 and 4 showed an uncontrollable
behavior. If the photopolymerization was carried out with a
catalyst fraction below 0.5 mol% no conversion of the mono-
mers could be observed. Using 0.5 mol% or larger amounts of
catalyst led to combustion of the reaction mixture.Conclusions
Among several copper(II) salts only copper(II) acetate is capable of
facilitating the photoinduced copper(I)-catalyzed polymerization
of multifunctional azides and alkynes by the photoreduction of
copper(II) to copper(I) ions without any additional photoinitiator.
The copper(I)-catalyzed azide–alkyne polyaddition can only be
carried out in solution using at least 15 wt% of a solvent.
Depending on the catalyst concentration in the diﬀerent reaction
regimes (bifunctional azide/bifunctional alkyne, bifunctional
azide/trifunctional alkyne, bifunctional azide/tetrafunctional
alkyne) quantitative monomer conversions can be achieved in
which the controllability of the polymerization decreases with
higher functionality. A quantitative conversion allowed the
determination of the Young's modulus by nano-indentation
experiments. The bifunctional system consisting of a
di-azide and di-alkyne revealed the highest value of 1600 MPa. In
future the development of hybrid-systems including a polymer-
izable solvent and the azide–alkyne photosystems will be in
focus.Acknowledgements
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 The synthesis of three different electron-deﬁ cient internal 
alkynes for the metal-free 1,3-dipolar azide–alkyne cycloaddi-
tion is shown. The alkynes are polymerized with several multi-
functional azides and the reaction enthalpy (Δ H ) is investigated 
by differential scanning calorimetry (DSC). The mechanical 
properties of the resulting polymers are analyzed using 
nanoindentation. The polymerization results in hard materials 
with an  E -modulus of maximum 2.5 GPa, which make them 
interesting in particular for biomedical applications. 
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applicability of this reaction in organic syntheses. In 2002, 
Sharpless [ 2 ] and Meldal [ 3 ] described the catalyzed reac-
tion (copper(I) species), which pushed the development 
of the azide–alkyne cycloaddition forward. The Cu(I)-cat-
alyzed azide–alkyne reaction, also known in the litera-
ture as a type of ‘‘click reaction,’’ represents an important 
and powerful synthetic tool in organic chemistry due to 
its remarkable features such as high regioselectivity and 
strong tolerance to functional groups, mild reaction condi-
tions, and a simple product isolation. This powerful reac-
tion has found a variety of applications in many ﬁ elds of 
chemistry. [ 4–9 ] 
 One main part of the copper(I)-catalyzed alkyne–azide 
cycloaddition (CuAAC) is the catalyst. Due to its cytotoxic 
properties, it is important to remove the copper residues 
from the resulting polymer, in particular for biomedical 
applications. [ 10 ] Moreover, highly efﬁ cient catalysts, 
which are used for the CuAAC, often generate very high 
reaction enthalpies in a short time period, which can 
result in a spontaneous release of reaction heat and an 
uncontrolled reaction progress. [ 11 ] 
 Therefore, the development of metal-free click-
polymerization procedures is of high interest. In the 
 1.  Introduction 
 The conventional 1,3-dipolar cycloaddition of azides and 
alkynes, which was mainly developed by Rolf Huisgen, [ 1 ] 
did not gain considerable interest due to its low regio-
selectivity and slow reaction rate, which limits the broad 
Macromol. Chem.  Phys. 2014,  215,  1603−1608
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recent years, a signiﬁ cant effort has been devoted to the 
development of metal-free click reactions. [ 12–26 ] The clas-
sical (thermal) 1,3-dipolar cycloaddition can be performed 
between azides and terminal alkynes as well as internal 
triple bonds. Generally, the reactivity of alkynes for the 
click reaction is rather low due to its high electron den-
sity at the alkyne functionality. One pathway to increase 
the reactivity of internal alkynes is to reduce its electron 
density by implementing vicinal electron-withdrawing 
groups, e.g., carbonyl moieties. [ 13,27,28 ] 
 Tang et al. presented the ﬁ rst example of the efﬁ cient 
1,3-dipolar polycycloaddition using azides and activated 
internal alkynes. The polymerizations of 1,4- bis (6-azido-
hexyloxy)benzene,  bis (benzoylethynyl)-benzenes, and 
-butane were performed in DMF at elevated temperatures 
(150 °C). [ 13 ] 
 Katritzky et al. [ 18 ] studied the neat polymerization of 
different internal alkynes and organic azides under mild 
conditions and found reaction temperatures between 
room temperature and 80 °C depending on the substitu-
tion pattern of the used alkyne. 
 This work deals with the synthesis of electron-poor 
internal alkynes (alkynes with adjacent electron-with-
drawing carbonyl moieties) and their polymerization with 
multifunctional azides under solvent-free and metal-free 
conditions. The reaction heat and the reaction tempera-
ture of the polyaddition reaction were monitored by DSC. 
The increase of reactivity of the alkynes for the metal-free 
click reaction was achieved by attaching electron-with-
drawing carbonyl moieties adjacent to the alkyne func-
tional groups. The mechanical properties of the resulting 
polymers were investigated by nanoindentation. 
 2.  Experimental Section 
 2.1.  General Procedure for the Metal-Free Polyaddition 
 For the crosslinking polyadditions of the respective alkynes 
and azides (Figure  1 ), both components were charged in a small 
glass vial using an equimolar ratio of both functional moieties 
(i.e., alkyne and azide) and stirred for 2 min. After that, the mix-
ture was placed on a glass slide using a pipette. The polymeri-
zations were performed at a temperature of 100 °C for 24 h. The 
obtained polymer could be directly used for the nanoindentation 
measurements. 
 2.1.1.  Instrumentation 
 1D NMR spectra (1H, 13C) were recorded on a Bruker AC300 
(300 MHz) and on a Bruker AC400 (400MHz) at 298 K. Chemical 
shifts are reported in parts per million (ppm, δ scale) relative to 
the residual signal of the solvent. Standard abbreviations are 
used for denoting the signal multiplicity. DSC was measured on a 
Netzsch DSC 204 F1 Phoenix instrument under a nitrogen atmos-
phere in a temperature range from –50 to 250 °C with a heating 
rate of 10 K min −1 . Size exclusion chromatograms (SEC) were 
recorded using a SEC Shimadzu SCL-10A system controller, an LC-
10AD pump, a RID-10A refractive index detector, and a PSS SDV 
pre/lin S column at 50 °C (eluent: chloroform:triethylamine:iso-
propyl alcohol 94:4:2; ﬂ ow rate of 1 mL min −1 ) using linear PS 
standards for the molar mass calculation. FTIR spectra were 
recorded on a Shimadzu IRAfﬁ nity-1S equipped with a single-
reﬂection ATR accessory. 
 The mechanical properties of the samples were characterized 
via depth-sensing indentation (DSI) using a TriboIndenter TI 
900 (Hysitron Inc., Minneapolis, MN) and a NanoDMA 06 trans-
ducer, equipped with a conospherical diamond indenter tip of ca. 
4.7 μm radius. The measurements were started at ambient con-
ditions, at 29.3 °C and 39.7% relative humidity (RH) for polymer 
 A , and at 25.6 °C and 34.4% RH for the polymers  B and  C , meas-
ured with a Voltcraft DL-141TH data logger. For quasi-static 
testing, a load control function with a 1 s loading, 2 s hold at 
maximum load, and 1 s unloading proﬁ le was applied to polymer 
 A with indent forces between 100 μN and 5000 μN. For the softer 
polymers  B and  C , an open loop protocol was used with the same 
load, hold, and unload times and indent force range as men-
tioned above. [ 29 ] All measurements for each sample were per-
formed in a single automated run in less than 6 h using a 6 × 6 
array piezo automation. The reduced modulus  E r was determined 
from the unloading response utilizing the analysis method 
proposed by Oliver and Pharr. [ 30 ] Values were averaged from at 
least 10 measurements each. From the reduced modulus  E r , the 
indentation modulus  E i was calculated using the elastic modulus 
and Poisson’s ratio of the diamond indenter, 1140 GPa and 0.07, 
respectively, and a Poisson’s ratio of 0.4 for the polymeric mate-
rial, according to:
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−
−
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(1)
 
 The hardness has the normal deﬁ nition:
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 Figure 1.  Schematic representation of the used multifunctional 
azides.
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 2.1.2.  Materials 
 All the chemicals were purchased from Fluka, Sigma–Aldrich, 
ABCR chemicals and used without further puriﬁ cation. The sol-
vents were dried and distilled according to standard procedures. 
 1,4- Bis (azidomethyl)benzene ( 4 ), [ 31 ] 1,2- bis (2-azidoethoxy)-
ethane ( 6 ), [ 11 ] 1,3,5- tris (azido methyl) benzene ( 5 ), [ 31 ] and 1,3-
 bis (azidomethyl)benzene ( 7 ), [ 31 ] were synthesized and puriﬁ ed 
according to previously described literature procedures. 
 2.1.3.  Monomer Synthesis 
 2.1.3.1.  Synthesis of Ethylene Glycol Oligoester ( 1 ) 
 Ethylene glycol (11.28 mmol, 0.7 g) was added to a solution 
of diethyl acetylenedicarboxylate (13.8 mmol, 2.34 g) in tol-
uene (50 mL). Afterward,  p -toluenesulfonic acid monohydrate 
(0.79 mmol, 0.15 g) was added to the reaction mixture and stirred 
for 16 h at 130 °C. The water formed was removed from the reac-
tion system by a dean-stark trap. Subsequently, the reaction mix-
ture was washed with a saturated NaHCO 3 solution. The product 
was isolated by preparative SEC using BioBeads S-X8 (exclusion 
limit: 1000 g mol −1 ) with CH 2 Cl 2 as eluent. 
 M n (SEC) = 950 g mol -1 ; PDI = 2.95; DP = 7 (SEC); (DP theo. = 10). 
 1 H NMR (400 MHz, CDCl 3 ,  δ ): 4.17–3.00 (m, 8H), 1.37–0.65 
(m, 6H);  13 C NMR (100 MHz, CDCl 3 ,  δ ): 165.0 (Br), 67.0, 62.1 (Br), 
66.0, 15.1. 
 2.1.3.2.  Synthesis of 1,6-hexandiol-oligoester ( 2 ) 
 1,6-Hexandiol (22.51 mmol, 2.66 g) was added to a solution of 
diethyl acetylenedicarboxylate (27.5 mmol, 4.68 g) in toluene 
(50 mL). Subsequently,  p -toluenesulfonic acid monohydrate 
(1.58 mmol, 0.30 g) was added to the reaction mixture, which 
was stirred for 16 h at 130 °C. The water formed was removed 
by a dean-stark trap. Subsequently, the reaction mixture was 
washed with a saturated NaHCO 3 solution. The product was iso-
lated by preparative SEC (BioBeads S-X8) using CH 2 Cl 2 as eluent. 
 M n (SEC) = 1800 g mol −1 ; PDI = 4.72. 
 The degrees of polymerization (DP) of oligomer  2 were deter-
mined by  1 H NMR spectroscopy. As a second method, size-exclu-
sion chromatography was chosen. 
 DP = 9 (SEC); DP = 5 ( 1 H NMR); (DP theo. = 10). 
 1 H NMR (400 MHz, CDCl 3 ,  δ ): 4.41–3.91 (m, 8H), 1.78–1.13 
(m, 14H);  13 C NMR (100 MHz, CDCl 3 ,  δ ): 162.5, 74.7, 66.8, 62.9, 
28.3, 25.3, 13.9. 
 2.1.3.3.  Synthesis of 4,4′-(1,3-phenylene) bis (but-3-yn-2-one) ( 3 ) 
 n -BuLi (1.6  M solution in hexane, 30 mL, 48 mmol) was added 
to a solution of 1,3-diethynylbenzene (21 mmol, 2.65 g) in THF 
(30 mL) at –78 °C under a nitrogen atmosphere. 
 Then, a solution of distilled ethyl acetate (4.8 mL, 48 mmol) 
in THF (45 mL) and boron triﬂ uoride diethyl etherate (6.7 mL, 
55 mmol) was successively added. After 30 min, the reaction 
was quenched with a saturated solution of NH 4 Cl at –78 °C and 
Macromol. Chem.  Phys. 2014,  215,  1603−1608
 Scheme 1.  Schematic representation of the synthesis of the 
internal alkyne monomers ( 1 to  3 ) for the metal-free click reaction.
 Figure 2.  SEC analyses of the ethylene glycol oligoester  1 (top) and 
1,6-hexandiol-oligoester  2 (bottom).
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allowed to warm to room temperature. The layers were sepa-
rated and the aqueous layer was further extracted with EtOAc. 
The combined organic layers were washed with brine dried over 
Na 2 SO 4 , ﬁ ltered, and concentrated in vacuo. The product was 
isolated as a dark orange liquid by column chromatography on 
silica gel (hexane: EtOAc, 95:5) with a yield of 5% (0.22 g). 
 1 H NMR (400 MHz, CDCl 3 ,  δ ): 7.77 (m, 1H,  J = 2.8 Hz), 7.64 (dd, 
 J = 7.8 Hz, 1.6, 2H), 7.43 (t, 1H,  J = 15.7 Hz), 2.46 (s, 6H);  13 C NMR 
(100 MHz, CDCl 3 ,  δ ): 184.1, 136.9, 134.7, 129.1, 120.8, 88.8, 87.9, 32.7. 
 3.  Results and Discussion 
 3.1.  Synthesis of the Monomers 
 Two different classes of electron-deﬁ cient internal alkynes 
have been chosen to study the inﬂ uence of the substitution 
pattern of the alkynes, namely acetylene dicarboxylates 
as well as an alkyne-based ketone. At least bifunctional 
monomers are required for the polyaddition with the cor-
responding azides. Therefore, oligoesters based on the 
acetylene dicarboxylate and glycol and hexanediol have 
been synthesized. These materials were prepared via a 
transesteriﬁ cation of diethylene dicarboxylate with the 
corresponding diol (Scheme  1 ). The acetylene dicarboxy-
late was used in a slight excess (1.22:1). As a consequence, 
only oligomers were obtained and the end-group of the 
resulting oligoesters were ethylesters. The theoretical 
DP was 10; the SEC measurements revealed for both oli-
gomers DPs of around 10 (Figure  2 ). In contrast, the DP of 
 2 could be determined to be 5 via NMR spectroscopy. Both 
resulting oligomers were liquids, which could be used for 
the polyaddition. The alkyne ketone  3 was synthesized via 
a functionalization of diethynylbenzene. After deprotona-
tion with  n -BuLi, the alkyne was reacted with ethyl acetate 
(Scheme  1 ). 
 3.2.  DSC Study of the Polyaddition 
 First, the reaction temperature and the reaction enthalpies 
of the metal-free polyadditions of the internal alkynes  1 to 
 3 and the corresponding azides (Scheme  2 ) were investi-
gated via DSC. Both selected polyadditions ( 3 and  7 as well 
as  2 and  6 ) revealed an exothermic behavior (Figure  3 ). The 
integration of the individual peaks provided the reaction 
heat ΔH generated during the reaction. 
 For the polymerization of monomers  2 and  6 , a reac-
tion heat of –278 kJ mol −1 was measured and the poly-
merization already initiated at a temperature of 5 °C. In 
contrast, the reaction of the aromatic  bis- alkyne  3 with 
 bis (azidomethyl)benzene  7 started at a temperature of 
40 °C. An enthalpy of –284 kJ mol −1 was generated during 
polymerization. In comparison to, the reaction heat of the 
Macromol. Chem.  Phys. 2014,  215,  1603−1608
 Scheme 2.  Schematic representation of the metal-free click reaction of alkynes and multifunctional azides.
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Cu(I)-catalyzed click reaction of 1,2- bis (2-azidoethoxy)-
ethane and di(prop-2-yn-1-yl) (2,2,4-trimethylhexane-
1,6-diyl)dicarbamate with different copper(I) salts is 
in a range of –315 to –526 kJ mol −1 . [ 11 ] With increasing 
polymerization process, a postpolymerization reaction 
occurred at 180 °C due to sterical effects. Presumably, 
residual functional groups could only react at higher 
temperatures, due to the higher mobility at elevated 
temperatures. 
 The reactivity and the required reaction temperature 
of the used monomers can be tuned by the substitution 
pattern. Reasonable temperatures (75 to 130 °C), particu-
larly for the oligoesters, can be used for the polyaddition 
in bulk materials in order to harden these materials. 
 3.3.  Polyaddition of Activated Alkynes and Azides 
 The alkyne monomers  1 to  3 and the corresponding 
azides  4 to  7 have been utilized for the polyaddition 
(Scheme  2 ). The DSC measurements revealed that both 
alkyne monomers showed sufﬁ cient reactivity at 100 °C. 
Therefore, the click reactions were performed for 24 h at 
this temperature in order to achieve a quantitative azide 
conversion. The reaction progress could be followed by 
ATR-FTIR spectroscopy. The change of the azide absorption 
band at 2100 cm −1 correlates to the monomer conversion. 
For all of the investigated monomer pairs, a conversion 
between 80% and 100% of the azide could be achieved 
under the applied reaction conditions. Under the condi-
tions of a solvent-free and copper-free polymerization of 
monomers  3 and  7 , most likely a mixture of regioisomers 
was formed. For the polymerization of monomers  1 and  2 , 
there are no regiochemical preferences due to the symmet-
rical structure of the oligoesters. Because of the insolubility 
of the resulting polymers  A to  E , molar masses could not be 
investigated by SEC. 
 3.4.  Mechanical Properties of the Polymer Networks 
 The mechanical properties of the synthesized polymer 
networks were investigated via depth-sensing inden-
tation (DSI). With a quantitatively azide conversion, 
polymer  A exhibited an E-modulus of 2.5 ± 0.20 GPa 
(Table  1 ). The indentation moduli of the polymers  B and 
 C of 1.54 ± 0.17 GPa for polymer  B and 1.58 ± 0.24 GPa 
for polymer  C were lower than for polymer  A due to 
the more ﬂ exible monomer  2 and an lower azide con-
version of about 80%. The triethyleneglycole- bis- azide 
(TEG- bis- azide) mono mer  6 decreases the network den-
sity as well as rigidity in contrast to the aromatic azides. 
Consequently, a softer and more ﬂ exible material was 
obtained. Due to the softness of polymer  D indentation 
measurements were not possible. Recently, we published 
the Cu(I)-catalyzed click reaction of tripropargylamine, 
di(prop-2-yn-1-yl)isophorone dicarbamate, 1,2- bis (2-
azidoethoxy)ethane, 1,3- bis (azidomethyl)benzene, and 
1,4- bis (azidomethyl)benzene under solvent-free condi-
tions. [ 11 ] The E-moduli of the resulting polymers achieved 
values up to 6.25 ± 0.4 GPa due to the high network den-
sity and high monomer conversion. In comparison to 
these materials, the lower alkyne concentration per mole-
cule of oligomers  1 and  2 resulted in materials with a less 
Macromol. Chem.  Phys. 2014,  215,  1603−1608
 Figure 3.  DSC traces (exothermic direction: down) for the neat 
polymerization of  3 and  7 (top) and for the neat polymerization 
of  2 and  6 (bottom).
 Table 1.  Composition and E-modulus of the polymer networks. 
Polymer Monomer 
 1 
Monomer 
 2 
 Indentation modulus 
 [GPa] 
 A  1  7 2.5 ± 0.20
 B  2  4 1.54 ± 0.17
 C  2  5 1.58 ± 0.24
 D  2  6 Material too soft
 E  3  7 –
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crosslinking density and consequently, softer materials 
(Table  1 ). 
 4.  Conclusion 
 By attaching electron-withdrawing carbonyl moieties 
to the adjacent alkyne functionalities, it was possible to 
increase the reactivity of the alkyne monomers for the 
metal-free azide–alkyne cycloaddition under solvent-
free conditions. Thereby, the reaction temperature of 
polymerization of alkynes  2 and  3 with the azides  6 and 
 7 could be lowered to at least 5 and 40 °C. For the CuAAC, 
highly efﬁ cient catalysts are used which often leads 
to a release of high reaction enthalpies in a short time 
period. [ 11 ] By performing the click reaction without copper 
catalysis, the exothermicity was reduced to a value of –278 
and –284 kJ mol −1 , respectively. 
 The polyaddition reaction of oligomers  1 and  2 with the 
 bis -alkynes  4 ,  5 , and  7 results in hard polymer resins with 
a maximum E-modulus of 2.5 ± 0.20 GPa. These moderate 
mechanical properties and the absence of catalyst make 
these polymers interesting especially for biomedical 
applications. 
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INTRODUCTION The conventional 1,3-dipolar cycloaddition of
azides and alkynes, which was developed by Huisgen1 in 1961,
did not gain considerable attention because of its low regiose-
lectivity and slow reaction rate, which limit the broad applic-
ability of this reaction in organic synthesis. In 2002, Sharpless
and coworkers2 and Meldal and coworkers3 described the
catalyzed reaction [copper(I) species] that pushed the develop-
ment of the azide–alkyne cycloaddition forward. The Cu(I)-cat-
alyzed azide–alkyne reaction, also known in the literature as a
type of “click reaction,” represents an important and powerful
synthetic tool in organic chemistry because of its remarkable
features such as high regioselectivity, strong tolerance to func-
tional groups, mild reaction conditions, and a simple product
isolation. This powerful reaction has found a variety of applica-
tions in many fields of chemistry.4–9 One essential element of
the copper(I)-catalyzed alkyne–azide cycloaddition (CuAAC) is
the catalyst. However, aiming for materials, which can be used
in biological systems, the cytotoxicity of copper salts has to be
considered. It is important to remove the copper residues from
the products, in particular for biomedical applications.10 Alter-
natively, the development of metal-free click reaction proce-
dures, for instance, by thermal azide–alkyne cycloaddition
(TAAC), for the production of biomedical materials represents
a promising way to circumvent this issue. There are various
examples of resins produced by TAAC using multifunctional
azides and alkynes11,12 or AB-type monomers.13 In addition,
the crosslinking of polyphenylene14 and the production of mul-
tifunctional polymer films15 are described. However, to the
best of our knowledge, TAAC-based resins were not evaluated
as hard biomaterials up to now.
Generally, synthetic polymers play an important role in the
production of hard or soft materials in the biomedical con-
text. They potentially possess several advantages like a tuna-
ble chemical composition and physical structure enabling a
control about mechanical properties. A standardized manu-
facturing with reasonable costs displays a further advantage.
Depending on the scope of use, the synthetic materials can
be of a biodegradable (enzymatically, hydrolytic, and pH
dependent) or biostable character.
The materials described in this contribution belong to the
latter class of polymers. The triazole moiety is stable within
biological systems,16 and even though the ester bond within
the backbone of the used polyalkyne is biodegradable, the
hydrophobic and stiff nature of the substrates should pre-
vent decomposition within a physiological environment.
In our previous report, we demonstrated the synthesis of
crosslinked 1,2,3-triazole-based polymers and their resulting
mechanical characteristics, showing excellent properties for
the production of hard scaffolds for biomedical applications,
including prosthetic materials, scaffolds for tissue engineer-
ing, bone cements, as well as parts of medical devices and
disposable supplies.16
The materials described in this publication consist of oligo-
meric alkynes, multifunctional azide crosslinkers, and their
resulting polymers (Scheme 1). The alkyne components of
the presented click scaffolds were synthesized according to
literature procedures.16 To investigate the influence of the
length of this building block, two oligoesters with different
Additional Supporting Information may be found in the online version of this article.
VC 2015 Wiley Periodicals, Inc.
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molar masses and dispersities (Ð) have been synthesized
(M1: Mn5 1058 g mol
21, Ð5 2.68; M2: Mn5 1850 g mol
21,
Ð5 1.66). The internal triple bonds should readily react with
present azide moieties under elevated temperature. Four dif-
ferent organic azides were used as depicted in Scheme 1.
Besides the influence of the substitution pattern (M3 vs. M6)
and the number of azides per monomeric unit (M3 vs. M4),
the role of the hydrophilicity of the monomer was investi-
gated by using triethylene glycol bis-azide (TEG-N3; M5).
For the production of scaffolds by TAAC, both alkyne and
azide were mixed at room temperature using an equimolar
ratio of both functional moieties. Subsequently, the mixture
was placed on a glass slide and polymerized at a tempera-
ture of 100 8C for 24 h.16 The azide conversion was followed
by ATR-IR spectroscopy, monitoring the change of the
absorption band at 2100 cm21 as it represents an estab-
lished technique for following the reaction progress of
azide–alkyne cycloaddition reactions.17–20 Conversions
between 60% and 80% were achieved for all of the investi-
gated monomer pairs under the applied reaction conditions.
Under the conditions of a solvent-free and copper-free poly-
merization of the applied monomers M1–M6, most likely a
mixture of regioisomers was formed.21,22 Table 1 displays
the used component combinations and the resulting analyti-
cal data. For all conducted investigations, P9 [a dimethacry-
late composite, consisting of photopolymerized bisphenol A-
glycidyl methacrylate 30%, (1,6-bis-(2-methacryloyloxy
ethoxycarbonylamino)22,2,4-trimethylhexane (50%), and tri-
ethylene glycol dimethacrylate (20%) provided by Ivoclar
Vivadent AG] was used as a reference (details are provided
in the Supporting Information). The mechanical properties of
the synthesized polymer networks were investigated by
depth-sensing indentation.
Unexpectedly, the influence of the length of the alkyne
oligomer on the elastic behavior of the resulting polymers is
negligible, as expressed by the comparison of P1–P4 that
were polymerized using M1 with their corresponding M2
adduct (P5–P8). Besides, the substitution pattern has an
impact, as scaffolds produced using M3 have a significantly
increased indentation modulus when compared with M6. As
expected, the utilization of M5 (TEG-N3) yields networks with
an indentation modulus three orders of magnitude lower than
all other substrates because of the flexibility of the used mono-
mer. However, this effect could also be the result of a side reac-
tion which leads to further crosslinking. Azide groups are
widely used for photocrosslinking reactions, as they are able
to produce nitrenes following UV irradiation.23,24 A thermal
triggering of this process is also reported.25 Nitrenes can,
among others, react with aromatic systems to form covalent
connections, which is not possible forM5 as a comonomer.
SCHEME 1 Schematic representation of the metal-free click reaction of the alkynes M1 and M2 and multifunctional azides M3–M6.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
TABLE 1 Composition and Analytical Data of the Polymer Networks
Polymer Alkyne Azide
Azide
Conversion (%)
Indentation
Modulus (GPa)
Contact Angle
Against Water (8)
Cellular Growth
Density (%)
Roughness
(Arithmetic, nm)
P1 M1 M3 78 2.416 0.32 6162 33 77
P2 M1 M4 60 3.096 0.27 7164 84 24
P3 M1 M5 72 0.00860.002 7262 64 56
P4 M1 M6 71 1.956 0.07 7562 24 14
P5 M2 M3 66 2.516 0.09 7463 50 13
P6 M2 M4 62 2.586 0.12 5864 19 42
P7 M2 M5 67 0.016 0.006 7461 57 66
P8 M2 M6 80 1.196 0.10 7664 79 16
P9 – – – 3.746 0.23 7364 74 77
The cellular growth density was referenced to cells grown on culture plastic (polystyrene, 100%).
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To investigate the surface hydrophilicity, contact angle meas-
urements using water were conducted. All synthesized net-
works show similar contact angle values under the given
conditions (Table 1). Only for P1 and P6, the angle decreased,
indicating a more hydrophilic surface. Surprisingly, the use of
the polar azide component M5 did not result in an increase
of surface hydrophilicity. The produced films possess a surface
roughness in the nanometer range and exhibit no surface-
associated porosity (Supporting Information Fig. 3).
In the development of new synthetic hard polymer materials,
cell culture-based tests are the first step to determine the bio-
compatibility. Hence, in vitro tests were conducted investigating
the toxicity of monomers, polymeric bulk material, and extracts
from polymerized samples using L929 mouse fibroblasts, rep-
resenting a standard cell line for named tests. The in vitro cyto-
toxicity experiments were performed on the basis of the XTT
assay, according to the German standard institution guideline
DIN ISO-10993-5 as a reference for biomaterial testing. First,
the cytotoxic potential of the monomers used for the polymer-
ization was tested to determine a possible undesired biological
side effect of residual (nonreacted) monomers remaining in the
polymerized samples [Fig. 1(A)].
After 24 h of incubation with different concentrations of the
educts (M1–M6), the metabolic activity of the cells was found to
be significantly reduced in the case of the alkynes M1 and M2
as well as for the aromatic azides M3, M4, and M6 displaying a
concentration-dependent inhibition of the cell metabolism.
Alkyne M2 and azides M3, M4, and M6 resulted in a reduction
of the cell viability under the defined border to cytotoxicity of
70% in a concentration range from 3 to 0.3 mg mL21; lower
substance concentration around 0.06 mg mL21 was tolerated
by the cells. In contrast, alkyne M1 showed cytotoxic potential
at all analyzed concentrations. Exclusively, cells treated with
azideM5 displayed a metabolic activity on the level of untreated
controls, which proves the absence of a toxic effect mediated by
the TEG bis-azide (M5). These results indicate that a significant
amount of unbound monomer within the final scaffolds would
lead to materials incompatible with biological systems. How-
ever, the viability of cells treated with M5 shows that the pres-
ence of azide groups does not necessarily lead to toxicity.
Although salts such as sodium azide display potent toxins via
the inhibition of the cytochrome c oxidase26 by the azide anion,
covalently bond azides cannot dissociate within a biological
environment. It is rather likely that the chemical structure of
the azide-containing molecules plays an important role in their
cell biological behavior. In particular, the hydrophobic nature of
the aromatic hydrocarbons in M3, M4, and M6 presumably
provoke a harmful interaction with cellular membranes as indi-
cated by the drastic reduction of the cell viability.
A similar reason might be responsible for the cytotoxic
effects of the alkynes M1 and M2, which are highly hydro-
phobic because of their nonpolar character.
Interpreting these results, the precursor materials by them-
selves (except M5) are of potential harmful character and
need to be absent in their unreacted form in the final poly-
meric material. Otherwise, a reduced biocompatibility can
be expected. To examine this assumption, the resulting
materials P1–P8, including the reference material P9, were
screened for their impact on cellular integrity. First investi-
gations were conducted using aqueous extracts of grinded
polymers. The extracts were directly incubated with L929
mouse fibroblasts for 24 h followed by execution of the
XTT viability assay. This approach enables the efficient
extraction and effect detection of potentially remaining
educts within the polymerized samples. As depicted in Fig-
ure 1(B), all extracts resulted in an acceptable viability rate
above 70% in the case of undiluted extract samples,
approaching the level of the untreated control with increas-
ing dilution steps.
FIGURE 1 Cell viability of L929 mouse fibroblasts after 24h incubation with different concentrations of the educts M1 to M6 (A) or
extracts of fine-grinded polymer powders P1–P9 (B). Cells incubated with pure culture medium served as control. The cell viability
was determined by XTT assay according to DIN ISO-10993-5. Data are expressed as mean6SD of six determinations. Dashed line
labels the defined border to cytotoxicity at 70%. [Color figure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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Interestingly, the resulting viability rates after incubation with
the polymerized samples P1–P8 showed a similar profile like
the reference material P9, thus proving the good biocompati-
bility of the extracts derived from the synthesized polymeric
materials. It has to be noted that the concentrations generated
by the extraction method are far above the values which can
be expected by simple exposure of substrates to water, ren-
dering the cytotoxicity results highly promising.
The extracts of the polymerized samples, used for the cyto-
toxicity evaluation, were further subjected to electron spray
ionization mass spectrometry to determine a rough concen-
tration value and, if possible, the identity of the components.
All extracts revealed distinctly lower signal intensity values
(of the most intense signal of the spectrum) when compared
with the reference P9. P5 and P8 show intensities in the
range of the control (water) or even below (Supporting
Information Fig. 1). Only one set of signals, which appears in
the most spectra (P1, P2, P4, P5, P6, and P8), could be
identified as a degradation product of the used oligo-alkyne
(Supporting Information Fig. 2). However, degradation during
pulverization of the networks cannot be excluded, rendering
the investigations on intact substrates more valuable.
To confirm the general biocompatibility of the click scaffolds, a
live/dead microscopy study of cells that were seeded onto films
consisting of the materials P1–P9 was performed. Twenty-four
hours after cell seeding, the materials were washed to remove
nonadherent cell bodies and analyzed microscopically. The
transparent character of the samples enabled capture of phase
contrast micrographs, which showed that L929 mouse fibroblast
cells attach onto the polymeric surfaces.
Although the cell-spreading behavior is slightly altered when
compared with the cells grown on cell culture plastic, they
display morphologies of adherent viable cells.
The cell viability was further investigated using Hoechst/flu-
orescein diacetate (FDA)/propidium iodide (PI) live/dead
staining, which gave information about the cell membrane
integrity (exclusion of red fluorescent PI from cell nuclei
that were additionally tagged by Hoechst dye) and the viabil-
ity (strong green fluorescence of FDA in cytoplasm; Fig. 2).
The absence of the red fluorescence of PI in all pictures and
the successful FDA staining prove the excellent cytocompati-
bility of the prepared click scaffolds. The bright field images
of the background show air inclusions within the films. How-
ever, profilometry (Table 1 and Supporting Information Fig.
3) shows no porosity or increased surface roughness for all
samples except P3 which possesses holes.
To assess quantitative information of the cellular growth on
distinct materials, representative sections of micrographs were
subjected to cell counting. The results were referred to the
growth density obtained from cell culture plastic (polystyrene;
Table 1). No clear trend is visible comparing the results with
the elastic moduli, conversions, or the use of distinct monomer
combinations. However, P1 and P6, which show a significantly
reduced growth density, also have an increased surface hydro-
philicity when compared with the other substrates. Hydrophilic
surfaces are known to repel microorganism because of a pre-
vention of attachment.27 The growth density on the substrates
P2 and P8 exceeds the value obtained for the reference mate-
rial P9, rendering these substrates particularly suitable for the
productions of hard tissue replacements.
The viability of cells grown in the presence of the scaffolds
was further assessed by flow cytometry investigations. The
average viability of cells consisting of the fraction of nonad-
herent cells floating in the supernatant and the fraction of
FIGURE 2 The panels display the viability and morphology of
L929 cells after incubation on polymer films for 24 h. An overlay
of representative bright field and fluorescence microscopy
images of cells on the scaffolds P1–P9 and cell culture plastic
(P0) is depicted. Blue fluorescent Hoechst dye labels nuclei of all
cells present, green fluorescence from FDA tags viable cells, and
red fluorescent PI signals originates from nuclei of dead cells.
Bright field images also provide an indication about the surface
roughness of the click substrates. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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cells adherent to the scaffold surface showed values in the
range of the control (grown on cell culture plastic) for all
samples (Supporting Information Fig. 4). The observed bio-
compatibility of the 1,2,3-triazole-based polymers P1–P8 is in
accordance with literature data, stating a nontoxicity of many
polytriazole-containing structures, mainly designed in the
pharmaceutical field, for example, as a tool for drug discovery
for cancer treatment.28,29 Because of its chemical composition,
the triazole units are not subject to metabolic degradation
and are stable in typical biological conditions, which are usu-
ally of aqueous and mildly reducing nature.30,31 The ester
bonds in the backbone of the oligo-alkyne could be degraded,
which is, however, rather unlikely as the hydrophobic nature
of the structures prevents the penetration of water, which is
required in the process. During our investigations, no sign of
degradation under physiological conditions was found.
In summary, the cell study on the educts clearly revealed a
cytotoxic potential of the alkynes and aromatic azides used
in this contribution, exceptionally the TEG like bis-azide
turned out to be cytocompatible at all applied concentra-
tions. Further investigations on the final polymer samples
neglected the hazardous character of the educts and pre-
sented a polymeric material, which shows highly biocompati-
ble character in its bulk format, as well as in the contact of
cells with aqueous polymer extracts. Cells grown on the scaf-
folds were analyzed regarding their viability and growth
density. All polymers revealed good biocompatibility with
various growth densities of L929 fibroblasts.
Nevertheless, in view of the development of new synthetic
hard matter polymer materials, the in vitro assays based on
cell culture models described in our contribution display only
the first step to determine the biocompatibility of a material.
Before a clinical application, additional tests have to be per-
formed, including mainly in vivo animal models for the deter-
mination of acute and (sub)chronic toxicity, genotoxicity,
carcinogenicity, as well as the investigation of reproductive/
developmental problems, neurotoxicity, immunotoxicity, and
the presence of endotoxins in the final product.
EXPERIMENTAL
Information about Materials and Methods as well as experi-
mental procedures can be found in the Supporting Information.
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Incorporation of Core-shell Particles in 
Methacrylate based Composites for an 
Improvement of the Mechanical Properties 
Benedict Sandmann,ab Bobby Happ,ab Igor Perevyazko,ab Tobias Rudolph,ab Felix 
H. Schacher,ab Stephanie Hoeppener,ab Ulrich Mansfeld,ab Martin D. Hager,ab Urs 
K. Fischer,c Peter Burtscher,c Norbert Moszner*c and Ulrich S. Schubert*ab 
The fracture toughness of polymeric materials and composites can be enhanced by the incorporation of 
polymer nanoparticles. The combination of a soft core and a hard shell leads to an improvement of the 
fracture toughness of the polymeric composites. Thereby, the mechanical resistance of the materials is 
commonly decreased. In our approach, core–shell nanoparticles consisting of an ethylene glycol 
dimethacrylate (EGDMA) crosslinked poly(butyl acrylate) (PBA) core and a poly(methyl methacrylate) 
(PMMA) shell were synthesized. The polymer particles were incorporated in triethylene glycol 
dimethacrylate (TEGDMA)/urethane dimethacrylate (UDMA) based composites in order to tune the 
mechanical properties. Different core–shell ratios were applied to study the influence on the fracture 
toughness and E-modulus. An examination of shell-crosslinking with a TEGDMA content of up to 8% 
was performed to improve particle stability and dispersability. The particle sizes and morphologies were 
characterized by dynamic light scattering (DLS), cryogenic transmission electron microscopy (cryo-
TEM) and analytical ultracentrifugation (AUC). Latex particle sizes of 70 to 220 nm were obtained. The 
mechanical properties (flexural strength, E-modulus and K1c) of polymer composites were investigated 
in three-point bending tests. Core/shell ratios of 50/50 showed a decreasing effect to flexural strength, 
E-modulus and K1c. Polymer particles with core/shell ratios of 30/70 led to a significant increase of the 
mechanical properties with maxima of 1.206 MPa∙m
1/2
 (K1c) (increase of 65%), E-modulus of 1.90 GPa 
(increase of 18%) and flexural strength of 79 MPa (increase of 18%). This study represents the first 
report of a simultaneous improvement of fracture toughness and E-modulus (at the same time) of 
additive filled polymer composites. The improvement of mechanical properties makes these materials 
interesting as tougheners for hard tissue applications like bone cements or dental replacement 
materials. 
´
1. Introduction 
Polymers and their composites are progressively replacing 
many structural metallic parts, e.g., in automotive industry,1 
aerospace2 or dental restoratives.3 For polymeric materials, the 
replacement of such materials strongly depends on the 
mechanical properties like fracture toughness and E-modulus 
that are decisive for their applications.1, 2, 4-7 
Unfortunately, these properties are limited for polymer 
materials and need to be improved. There are various ways to 
increase the fracture toughness of these materials. Thus, glass 
fibers were incorporated into Nylon 6 as well as maleated 
ethylene–propylene rubber and achieved an improvement of 
fracture toughness, though under loss of the resistance (E-
modulus).8 Another attempt towards the enhancement of 
fracture toughness was the incorporation of hyperbranched 
polymers as soft domains.9, 10 A significant increase of the 
fracture toughness (K1c) from 0.55 MPa·m1/2 (unfilled) to  
1 MPa·m1/2 (7.5% of hyperbranched polymers) was reported, 
however, accompanied by a loss of the Young’s modulus from 
2.9 GPa to 2.65 GPa.10 To overcome the drawback of the loss 
in young’s modulus, latex particles with a soft core and a hard 
shell have been utilized as an attempt towards toughened and 
resistance improved materials. For example, core-shell lattices 
consisting of a poly(butyl acrylate) (PBA) rubbery core and a 
poly(methyl methacrylate) (PMMA) shell were incorporated 
into epoxy resins. The obtained fracture toughness (K1c) 
increase up to 1.74 MPa·m1/2 was twice as high as for the 
unfilled reference material. However, this improvement was 
accompanied by a decrease of the E-modulus of approximately 
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10%.11 Moreover, PBA/PMMA core–shell nanoparticles were 
used to enhance the fracture toughness of acrylic bone 
cements.12 With increasing particle content K1c was enhanced 
from 1.48 MPa·m1/2 (unfilled) to 1.86 MPa·m1/2 (10 wt% of 
latex particles) but the E-modulus decreased from to 2.4 GPa to 
2.0 GPa. Up to now there is no report in literature about the 
incorporation of latex particles into polymer composites that 
leads to an increase of fracture toughness and mechanical 
resistance at the same time. 
This contribution reports the synthesis of core-shell 
nanoparticles consisting of an ethylene glycol dimethacrylate 
(EGDMA) crosslinked soft PBA core and a hard PMMA shell. 
In some cases the shell was additionally crosslinked with 
triethylene glycol dimethacrylate (TEGDMA). The particle size 
and morphology were investigated by DLS, cryo-TEM and 
AUC measurements. The particles were dispersed in a 
monomer mixture of TEGDMA and urethane dimethacrylate 
(UDMA) and were consequently photo-polymerized. The 
mechanical properties of the resulting polymers were 
investigated in three-point bending tests. 
----------------------------------------------------------------------------- 
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----------------------------------------------------------------------------- 
2. Experimental section 
Materials 
Butyl acrylate (BA), methyl methacrylate (MMA), ethylene 
glycol dimethacrylate (EGDMA), potassium persulfate (KPS), 
and sodium dodecyl sulfate (SDS), camphorquinone (CQ), 
ethyl 4-(dimethylamino)-benzoate (EMBO) and hydrochinon-
monomethylether (MeHQ) were purchased from Sigma-
Aldrich. Triethylene glycol dimethacrylate (TEGDMA) and 
UDMA ((1,6-bis-(2-methacryloyloxyethoxycarbonylamino)-
2,2,4-trimethylhexane, which were synthesized by the addition 
2 mol 2-hydroxyethyl methacrylate with 1 mol 2,2,4-
trimethylhexamethylenediisocyanate), were provided by Ivoclar 
Vivadent AG. All chemicals were used without further 
purification. 
Synthesis of core-shell particles 
Different crosslinked and non-crosslinked core-shell particles 
were synthesized in a three step emulsion polymerization. The 
recipes for the synthesis of the latex particles 1 to 11 are 
summarized in Table 1. 
Amounts of PBA seed, PBA and MMA were selected in order 
to obtain core–shell particles with different core/shell ratios 
(60/40, 50/50, 40/60, 30/70 and 10/90) with regard to the used 
monomer masses. 
Polymer particles 1, 2, 3, 4 and 10 were synthesized in an 
emulsion polymerization according to a literature procedure.12 
The particles were isolated by freeze drying and further used 
for the preparation of the particle dispersions. 
General synthesis procedure for the shell-crosslinked latex 
particles 5, 6, 7, 8, 9 and 11: 
Crosslinked core–shell particles were synthesized in an 
emulsion polymerization. A four-necked flask (100 mL) 
equipped with a mechanical stirrer, a gas inlet tube, a condenser 
and thermometer was charged with polymer core solution. H2O 
and potassium persulfate (KPS, K2S2O8) were added to the 
reactor. The reaction mixture was stirred (stirring rate 260 
rpm), purged with nitrogen for 30 min and subsequently heated 
to 80 °C. When the reactor temperature was stable, a mixture of 
MMA and TEGDMA was placed in a syringe and added to the 
reaction mixture (0.5 mL·min-1). The polymerization was 
performed for 2 h at 80 °C. The emulsion was filtered over a 
glass frit. The particles were isolated by freeze drying. The 
isolated particles were directly used for the preparation of 
particle dispersions. 
Preparation of core-shell particle dispersions 
Particle dispersions were prepared by redispersing polymer 
latices 4 to 11 in TEGDMA for 2 d by mechanical stirring. 
Particles were redispersed in concentrations of 3, 6 and 9 wt% 
(Table 2) and consequently used for the preparation of test 
specimens. (see preparation of test specimens and measurement 
of mechanical properties). 
Dynamic light scattering 
Dynamic light scattering (DLS) was performed at a scattering 
angle of 90° on an ALV CGS-3 instrument equipped with a He-
Ne laser operating at a wavelength of 633 nm at 25 °C. 15 µL 
of the samples were diluted with 3 mL of MilliQ-water. The 
CONTIN algorithm was applied to analyze the obtained 
correlation functions. For temperature control, the DLS is 
equipped with a Lauda thermostat. Apparent hydrodynamic 
radii were calculated according to the Stokes-Einstein equation. 
Sedimentation velocity experiments 
Sedimentation velocity experiments were performed with a 
ProteomeLab XLI Protein Characterization System analytical 
ultracentrifuge (Beckman Coulter, Brea, CA), using 
conventional double-sector Epon centerpieces of 12 mm optical 
path length and a four hole rotor. Rotor speed was 5,000 to 
10,000 rpm, depending on the sample. Cells were filled with 
420 µL of nanoparticle suspension and 440 µL of solvent (H2O 
or D2O). The nanoparticle suspensions were used without 
further purification. Before the run, the rotor was equilibrated 
for approximately 1 h at 20 °C in the centrifuge. Sedimentation 
profiles were obtained every 15 s by interference optics. For the 
analysis of the particle size distribution, the sedimentation 
velocity data were treated by ls-g*(s) analysis with a Tikhonov–
Phillips regularization procedure (confidence level of 0.9 was 
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used) implemented into the Sedfit program. This method is 
based on a boundary modeling of a superposition of 
sedimentation profiles of ideal non-diffusing particles.13 
The value of the partial specific volume (reciprocal density υ = 
1/ρ) was determined using the density variation method.14 
Assuming the same size and molar mass of the particles in both 
solvents, the value of υ can be calculated from the following 
equation: 
 =
 − 
 − 
 
Where s1, η1, ρ1 and s2, η2, ρ2 are the sedimentation coefficients, 
dynamic viscosity and solvent density measured in H2O (index 
1) and D2O (index 2), respectively. The determination was 
made separately for all nanoparticle dispersions. 
The hydrodynamic size of the particles was calculated 
assuming their spherical shape by the modified Svedberg 
equation: 
	 = 3√2 
where [s] is the intrinsic sedimentation coefficient  = 
()
 
,  is the partial specific volume, s0 is sedimentation coefficient 
of the particles and  η0, ρ0 are dynamic viscosity and density of 
the solvent. 
Cryogenic transmission electron microscopy 
Cryogenic transmission electron microscopy (cryo-)TEM 
measurements were performed either on a Philips CM120 
(Electron Microscopy Center Jena) or on a FEI Tecnai G2 20 
cryo-Transmission Electron Microscope (Jena Center for Soft 
Matter). Acceleration voltages were set to 120 kV. Samples 
were prepared on Quantifoil grids (R2/2) after cleaning by 
argon plasma treatment for 30 s. 7 to 10 µL of the solutions 
(diluted 1:3 with H2O) were blotted by a home-build 
preparation chamber or a Vitrobot Mark IV, respectively. 
Samples were plunch-frozen in liquid ethane and stored under 
nitrogen before being transferred to the microscope utilizing a 
Gatan transfer stage. 
Preparation of test specimens and measurement of the 
mechanical properties 
For the preparation of test specimens, the various components 
were mixed and homogenised using a rolling mill. The 
formulation of test specimens (TS) is displayed in Table 2. 
Test specimens of 2×2×25 mm (specimens for flexural strength 
and E-modulus experiments) and 2.5×5×25 mm (specimens for 
K1c experiments) dimension were photo-polymerized (2×3 min) 
in a Spectramat® (Ivoclar Vivadent AG, Schaan; Hg radiation 
source, In-doped, 400 W, main emission 400 to 500 nm). 
Before the polymerization, the samples were covered with a 
polyester foil. To maximize conversions, test specimens were 
stored for 24 h at room temperature. 
Mechanical measurements were performed on a BZ2.5/TS1S 
testing machine using the testXpert II V3.3 software (Zwick 
GmbH Co. KG, Ulm). 
Flexural strength and E-modulus experiments were performed 
in a three-point bending test with a span length of 20 mm and a 
test speed of 0.8 mm min-1 according to EN 24049 (= ISO 
4049, Dentistry – Polymer-based filling, restorative and luting 
materials). 
For K1c experiments test specimens were furnished with a 2 mm 
notch (1.8 mm with diamond saw, 0.2 mm with razor blade). 
K1c measurements were performed in a three-point bending test 
with span length of 20 mm and a test speed of 0.25 mm·min-1 
according to ISO 20795-1 (Dentistry – Base Polymers – Part 1: 
Denture Base Polymers). 
 
Table 1 Polymer particle composition.  
Latex Particle type Core/ 
Shell 
Ratio 
Crosslinker 
content of 
polymer 
shell [%] 
Added 
particle 
solutions 
[mL] 
Mass BA  
[g] 
Mass 
MMA 
[g] 
Mass  
EGDMA  
[g] 
Mass 
SDS 
[g] 
Mass 
KPS 
[g] 
Mass 
TEGDMA 
[g] 
Mass 
H2O 
[g] 
1 Seed – – – 175 – 1.75 2 1.75 – 350 
2 Core – – 29.4 mL of 1 9.75 – – 0.38 0.01 – 69 
3 Core – – 29.4 mL of 1 9.81 – – 0.38 0.01 – 69 
4 Core-shell (30/70) – 7.5 mL of 2 – 3.78 – – 0.04 – 15 
5 Core-Shell (30/70) 2 22.5 mL of 3 – 11.34 – – 0.12 0.23 45 
6 Core-shell (60/40) 4 7.5 mL of 3 – 1.08 – – 0.01 0.04 10 
7 Core-shell (50/50) 4 7.5 mL of 3 – 1.62 – – 0.02 0.06 12 
8 Core-shell (40/60) 4 5 mL of 3 – 1.62 – – 0.02 0.06 10 
9 Core-shell (30/70) 4 5 mL of 3 – 2.52 – – 0.03 0.10 10 
10 Core-shell (30/70) 8 5 mL of 3 – 2.52 – – 0.03 0.20 11 
11 Core-shell (10/90) – 5 mL of 2 – 9.72 – – 0.01 – 16 
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Table 2 Composition of test specimens (wt% of component of the total mixture). 
Latex Test 
specimen 
Particle 
concentration 
[%] 
UDMA 
[g] 
TEGDMA 
[g] 
Mass 
particle 
dispersion 
[g] 
CQ 
[g] 
EMBO 
[g] 
MeHQ 
[g] 
4 TS1 9 4.66 (32%) 1.04 (7.10%) 8.76 (60%) 0.06 (0.40%) 0.06 (0.43%) 0.02 (0.12%) 
5 TS2 3 6.39 (32%) 7.42 (37.10 %) 6.00 (30%) 0.08 (0.40%) 0.09 (0.45%) 0.02 (0.10%) 
5 TS3 6 6.39 (32%) 7.42 (37.10 %) 6.00 (30%) 0.08 (0.40%) 0.09 (0.45%) 0.02 (0.10%) 
5 TS4 9 6.39 (32%) 7.42 (37.10 %) 6.00 (30%) 0.08 (0.40%) 0.09 (0.45%) 0.02 (0.10%) 
6 TS5 9 6.39 (32%) 4.42 (22.11%) 9.00 (45%) 0.08 (0.40%) 0.09 (0.43%) 0.02 (0.12%) 
7 TS6 9 6.39 (32%) 4.42 (22.10%) 8.67 (60%) 0.08 (0.40%) 0.09 (0.43%) 0.02 (0.12%) 
8 TS7 9 6.39 (32%) 4.42 (22.11%) 9.00 (45%) 0.08 (0.40%) 0.09 (0.43%) 0.02 (0.12%) 
9 TS8 9 5.03 (32 %) 1.12 (7.13%) 9.45 (60 %) 0.06 (0.41%) 0.07 (0.43%) 0.02 (0.12%) 
10 TS9 9 6.39 (32%) 4.42 (22.10%) 9.00 (45%) 0.08 (0.41%) 0.09 (0.44%) 0.03 (0.13%) 
11 TS10 9 4.61 (32%) 1.02 (7.10%) 8.67 (60%) 0.06 (0.40%) 0.06 (0.43%) 0.02 (0.12%) 
– TS11 0 6.39 (32%) 13.4 (67.1%) – 0.08 (0.41%) 0.09 (0.45%) 0.02 (0.10%) 
 
3. Results and discussion 
Core-shell particles were synthesized in a three step emulsion 
polymerization. SDS was selected as suitable surfactant as it 
represents an established detergent for the emulsion 
polymerization of BA and MMA.12, 15-17 Thereby, the surfactant 
concentration was kept above the critical micelle concentration 
(CMC).18 The compositions and particle types of lattices are 
shown in Table 1. In the first step, EGDMA crosslinked 
polymer seeds (latex 1) with an average particle size of 70 nm 
(determined by AUC) respectively 86 nm (determined by DLS) 
were synthesized. The particle size distributions of seed and 
cores (1 to 11) are shown in Figure SI-1. Subsequently, the 
seed particle solution was used for the synthesis of the polymer 
cores. An additional layer of PBA was polymerized onto the 
seeds 1, resulting in polymer cores 2 and 3, respectively. The 
sizes of the resulting particles revealed an increase in size up to 
114 nm for latex 3. For latex 2 there is only a minor size 
increase concluded from DLS (106 nm) and in particular from 
AUC (89 nm) results. In the last synthesis step, crosslinked 
(MMA, TEGDMA as crosslinker) and non-crosslinked (MMA) 
polymer shells were attached to the polymer cores, resulting in 
lattices 4 to 11. Thereby, particle sizes of 140 to 234 nm by 
DLS (respectively 122 to 220 nm determined by AUC) were 
achieved. The particle size distributions of the core-shell 
particles 4 to 11 are shown in Figure SI-2 and SI-3. 
3.1 Characterization of latex particles 
The particle size distribution of the lattices was investigated by 
DLS and by AUC (Table 3). Particle sizes and shapes were 
investigated by cryo-TEM.  
 
Table 3 Average hydrodynamic diameter of latex particle (determined by DLS (dDLS) and analytical ultracentrifugation (dAUC)) and cryogenic transmission 
electron microscopy (dcryo-TEM) and corresponding densities (ρAUC). 
Latex dDLS, a [nm] dAUC, b [nm] dCryo-TEM, c (standard deviation)  
[nm] 
ρ
AUC, b
 [g/cm³] 
1 86 70 43 (27) 1.06 
2 106 89 95 (6) 1.05 
3 114 115 95 (18)  1.07 
4 160 180 151 (17) 1.16 
5 166 170 157 (31) 1.15 
6 140 122 108 (22) 1.12 
7 144 140 131 (24) 1.13 
8 152 138 133 (21) 1.15 
9 166 160 149 (40) 1.16 
10 164 160 163 (24) 1.17 
11 234 220 222 (32) 1.19 
a) Determined by the CONTIN plot in water at 25 °C; intensity weighted  
b) Determined via AUC in water at 20 °C. 
c) Determined by (manually) measuring the diameters (of approximately 10 to 70 spheres) utilizing ImageJ software. 
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3.1.1 Average size and size distributions 
For AUC, the size was calculated assuming a spherical shape of 
the particles using the Svedberg equation.21 In Figure 1 the 
corresponding size distributions of seed, core and core-shell 
particles are presented. The average values of the sizes and 
corresponding densities are summarized in Table 3. The 
particle sizes were additionally investigated by cryo-TEM 
revealing particle sizes of 43 to 222 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. A – Sedimentation profiles of sample 11, obtained at n = 6,000 rpm, Δt = 15 s, B – corresponding residual plot, C – size distributions of seed (sample 1) and 
core particles (samples 2 and 3) and D – selected size distributions of the core-shell particles. 
It should be noted that according to AUC all core-shell particle 
distributions consist of a main peak (90% to 95% of the total 
mass) and a small fraction of particles with lower size (Figure 
1D). This fraction could probably be related to unreacted core 
particles or to particles with a thinner shell. DLS results do not 
provide such a clear picture about the distribution, which is 
related to the lower measurement sensitivity in comparison to 
AUC. Moreover, taking a closer look on the AUC distributions 
of latex 1 and 2, a shoulder for larger diameters (Figure 1C) 
that is not observed via DLS (Figure SI-1), is present. This 
could be related to a small amount of aggregation or 
inhomogenities present in the sample. This effect was not 
observed for other samples. The average size of the core 
particles increased by approximately 50 to 90% caused by the 
shell formation (Table 3). The largest particles with a size of 
220 nm were observed for sample 11 (core/shell ratio: 10/90). 
Moreover, the value of the density has as well reached its 
maximum of 1.19 g cm-3 for sample 11. 
As a second method, DLS was used to investigate the different 
particles concerning their sizes. The apparent hydrodynamic 
diameter (<dh,app>) determined via DLS showed a size of 86 nm 
for the seeds (latex 1), while for the first core (latex 2) a size 
increase up to 106 nm was observed via DLS (Table 3). 
However, AUC showed a smaller increase in diameter up to 89 
nm. As the obtained results were not fully conclusive, a new 
batch for the core was synthesized (latex 3). Here, the results 
were in good agreement for both methods (DLS and AUC) and 
a clear shift to higher hydrodynamic diameter from 70 to 115 
nm confirmed the successful formation of an additional PBA 
layer. In further steps different core-shell compositions of 
60/40, 50/50, 40/60, 30/70 and 10/90 were applied to the cores 
(latex 2 and 3). The size distributions (determined by DLS) 
showed an increase of the hydrodynamic diameter, after 
attaching the polymer shell to core 3 of 52 nm (5 and 9), 26 nm 
(6), 30 nm (7), 38 nm (8), 50 nm (10). For core 2 size increases 
up to 54 nm (4) and 128 nm (11) were observed. In direct 
comparison of core-shell lattices 5, 9 and 10 there is no 
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significant influence of the TEGDMA crosslinker to the sizes 
of the resulting core-shell lattices (Table 3). The increasing size 
after shell-attachment can be correlated to the amount of MMA 
added and at least to the different core/shell ratios for all core-
shell particles. The overestimation of particle sizes (Table 3), 
determined by DLS is in accordance with literature reports. 
Thus, for example, Schubert et al. reported on the over 
assessment of particle sizes for PMMA nanoparticles, 
determined by DLS.22 
 
3.1.2 Cryogenic transmission electron microscopy 
The size and morphology of polymer particles were 
additionally investigated by means of cryo-TEM. cryo-TEM 
was chosen as a suitable characterization method to study the 
nanoparticles close to their state in solution and to reduce 
artefacts from the preparation (e.g., loss of solvent, drying 
effects, etc.). Figure 2 depicts representative examples of the 
synthesized polymer particles 1 to 5 and 9 to 11. Size 
distributions were determined by measuring the diameters (of 
10 to 70 spheres) and determining the average particle size 
value. From these values the average particle sizes were 
calculated (Table 3). Seed particles (latex 1) show a spherical 
shape with a diameter of 43 nm (standard deviation: 27 nm); 
however, also few seed particles with smaller diameters were 
observed. Figure 2 displays the seed particles after the core 
formation, resulting in latex 2 and 3. The diameter of the 
particles increased by this process to similar sizes of 95 nm 
(standard deviation: 6 nm) (2) and 95 nm (standard deviation: 
18 nm) (3), while the spherical shape of particles is preserved. 
Though the same synthesis conditions were applied to obtain 2 
and 3, different seed-core sizes were observed according to 
DLS and AUC results. For the subsequent studies seed-core 
nanoparticles 2 and 3 were utilized. In the following synthesis 
step the uncrosslinked PMMA shell was synthesized on the 
core particles resulting in lattices 4 and 11. This step increased 
the particle diameters to 151 nm (standard deviation: 17 nm) 
and 222 nm (standard deviation: 32 nm). For all applied size 
measuring methods, latex 11 exhibited the largest size of all 
synthesized particles and the highest density value of 1.19 
g·cm-³. For core-shell particle 4 the cryo-TEM image revealed a 
contrast distinction. This probably stems from the polymer core 
with a darker contrast and the attached shell with a weaker 
contrast. This distinguishing feature was only clearly 
observable for sample 4. The particle shapes of 4 and 11 did not 
remain clearly spherical and became uniform. Gutiérrez-Mejía 
et al. synthesized PBA/PMMA nanoparticles similar to our 
latex, with a core-shell ratio of 30/70. In their study the clear 
spherical shape remained after shell formation.12 This 
observation is not in accordance with our results as non-
uniform particles were observed. 
 
Figure 2. cryo-TEM images of the obtained latex particles 1 to 5, 9 and 11; a) 1, b) 2, c) 3, d) 4, e) 5, f) 9, g) 10 and h) 11. 
 
The polymer shell of lattices 5 to 10 was crosslinked (up to 8%) 
with TEGDMA in order to improve the particle stability, the 
dispersability in the TEGDMA monomer and to evaluate the 
effects on the mechanical properties. This shell formation step 
led to a significant increase in the particle densities of all shell 
crosslinked and non-crosslinked samples (Table 3). The 
densities are accompanied with the size growth obtained by 
cryo-TEM, DLS and AUC. However, as already observed for 
particles 4 and 11, a change of the nanoparticle morphology 
was observed when the PMMA shell was attached. The 
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resulting core-shell nanoparticles (5 to 10) were not 
homogeneously spherical anymore. We attribute this irregular 
particle to the incompatibility of both constituting polymers and 
the polymerization sequence.20, 23, 24  
During shell-formation, the core latex is swollen with MMA 
that is different from the monomeric units of the seed polymer, 
leading to heterogeneous morphologies.20 Okubo et al. reported 
about uneven “raspberrylike” structures of PBA/polystyrene 
(PSt) lattices caused by the incompatibility of the 
corresponding polymers.25 The group of Sun described the 
morphologies of PBA/poly(St-co-MMA) nanoparticles. It was 
found that in the second stage of the polymerization, the 
resulting latex particle structure depends on the added monomer 
ratio.26  
The resulting particle sizes of shell-crosslinked lattices (5 to 10) 
determined by cryo-TEM are in good agreement for particle 10 
(163 nm) with the sizes obtained by DLS and AUC. In contrast, 
particle sizes of lattices 5 to 9 showed higher deviations  
(>5 nm). 
cryo-TEM represents an established method for the 
determination of particle sizes and morphology. For the latex 
particles investigated within this study, cryo-TEM revealed 
structural details of particle shapes that would be unrevealed by 
using only AUC and DLS. 
3.2 Mechanical properties 
The preparation of test specimens was performed by mixing 
and homogenising the initial components with the particle 
dispersions (Table 2). Pre-examinations revealed that the 
dispersability of the non-crosslinked core-shell particles (latex 
4 and 11) in TEGDMA was inferior to the crosslinked ones 
(lattices 5 to 10). The monomer formulations were photo-
polymerized. The resulting polymer specimens were 
mechanically pre-treated (see experimental details) and 
subsequently used for mechanical measurements. 
Experimental data of flexural strength, E-modulus and K1c of 
samples of the test specimens TS1 to TS11 are displayed in 
Table 4. Sample TS11 was used as a reference sample and 
therefore not enriched with latex particles. The composition of 
TS11 was adapted so that there are equal monomer 
concentrations in all test specimens (TS1 to TS11). Polymer 
lattices 5 to 10 were crosslinked with TEGDMA to improve the 
dispersability and to investigate its effect on the mechanical 
features. 
To examine the influence of different core/shell ratios on the 
mechanical properties, polymer particles were synthesized with 
core-shell ratios of 60/40, 50/50, 40/60, 30/70 and 10/90 (TS5 
to TS8 and TS10). The implementation of the latex particles 
with a core-shell ratio of 60/40 (latex 6) in a composite (TS5) 
led to a rise of flexural strength (80.3 MPa), E-modulus (2.08 
GPa) and K1c (1.070 MPa·m1/2). By increasing the shell content 
up to a core-shell ratio of 50/50, (latex 7, TS6) a lower increase 
of flexural strength (71.8 MPa), K1c (0.763 MPa·m1/2) and E-
modulus (1.77 GPa) was observed. With a core-shell ratio of 
40/60, the effect of incorporated lattices (latex 8, TS7) to the 
mechanical properties of the polymer matrix revealed a 
maximum of the E-modulus (2.38 GPa) and flexural strength 
(81.4) of all applied test samples, accompanied by a small rise 
of K1c (0.763 MPa·m1/2). By applying particles with a core shell 
ratio of 30/70 (latex 9), corresponding to test specimen TS8, 
mechanical investigations showed an elevated flexural strength 
(79.0 MPa), E-modulus (1.89 GPa) and K1c (1.116 MPa·m1/2). 
By increasing the shell content up to maximum of 10/90 
(TS10), the E-modulus and K1c (1.186 MPa·m1/2) reached a 
value of 1.90 GPa accompanied with a slightly enhanced 
flexural strength of 78.0 MPa. With regard to the mechanical 
resistance of test samples TS6 (50/50) to TS10 (10/90) (except 
sample TS7), there is a clear rising trend to higher E-moduli 
with increasing PMMA shell content.   
In order to obtain information about the influence of different 
shell crosslinker ratios in comparison to non-crosslinked (latex 
4, TS1) particles on the mechanical properties, the polymer 
nanoparticles were shell-crosslinked with 2, 4 and 8% 
TEGDMA and utilized for test specimens (TS1, TS4, TS8 and 
TS9). In direct comparison with the specimen containing the 
non-crosslinked latex particles TS1 (flexural strength: 78.0 
MPa, E-modulus: 1.72 GPa and K1c: 1.139 MPa·m1/2), a linker 
content of 2% (TS4) provided the highest K1c value (1.206 
MPa·m1/2) of all investigated samples as well as an increased E-
modulus (1.78 GPa) and a relative low flexural strength (76.4 
MPa). With a linker content of 4% (TS8) a considerable 
enhancement of the mechanics (flexural strength: 79.0 MPa; E-
modulus: 1.89 GPa, K1c: 1.116 MPa·m1/2) was obtained. A 
further increase of the crosslinker content up to 8% (TS9) did 
not result in an enhancing effect of the mechanical properties. 
With a flexural strength of 75.1 MPa, E-modulus of 1.87 GPa 
and K1c of 0.835 MPa·m1/2 the TEGDMA linker softens the 
material. 
Additionally, the influence of various particle concentrations 
within the test specimens and their effect to the mechanical 
properties was studied. For that purpose a series of samples 
filled with 3, 6 and 9 wt% of polymer particles (latex 5) were 
investigated (TS2 to TS4). With a particle concentration of 3 
wt% (TS2), there is a slightly decreasing influence to the 
flexural strength (65.6 MPa), E-modulus (1.55 GPa) and K1c 
(0.752 MPa·m1/2). By increasing the particle concentration to 6 
wt%, (TS3) an extensive enhancement of flexural strength 
(78.1 MPa), E-modulus (1.86 GPa) and K1c (0.850 MPa·m1/2) 
was observed. When the particle concentration was further 
increased up to 9 wt% (TS4) the mechanical properties showed 
a lower flexural strength (76.4 MPa) and E-modulus (1.61 GPa) 
however with a maximum of K1c (1.206 MPa·m1/2).  
 
Table 4 Composition of test specimens and the corresponding mechanical properties. 
Test specimen Particle 
concentration 
[%] 
Flexural 
strength 
[MPa] 
E-modulus 
[GPa] 
K1c 
[MPa·m1/2] 
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TS1 9 78.0 (3.3) 1.72 (0.05) 1.139 (0.059) 
TS2 3 65.6 (4.5) 1.55 (0.09) 0.752 (0.065) 
TS3 6 78.1 (3.1) 1.86 (0.10) 0.850 (0.038) 
TS4 9 76.4 (2.6) 1.78 (0.07) 1.206 (0.055) 
TS5 9 80.3 (4.2) 2.08 (0.19) 1.070 (0.060) 
TS6 9 71.8 (2.2) 1.77 (0.07) 0.763 (0.062) 
TS7 9 81.4 (4.3) 2.38 (0.13) 0.747 (0.045) 
TS8 9 79.0 (2.9) 1.89 (0.05) 1.116 (0.056) 
TS9 9 75.1 (3.7) 1.87 (0.07) 0.835 (0.273) 
TS10 9 78.0 (2.7) 1.90 (0.10) 1.186 (0.070) 
TS11 0 68.4 (8.2) 1.61 (0.07) 0.733 (0.071) 
 
Conclusions 
By incorporation of core-shell nanoparticles into a TEGDMA / 
UDMA matrix and subsequent photo-polymerization, it was 
possible to improve the flexural strength, E-modulus and K1c of 
the material. To our knowledge, this study represents the first 
report about an enhancement of fracture properties (K1c) and E-
modulus (simultaneous) of additive filled polymer composites 
at the same time. Particles with diameters of 70 to 220 nm 
(determined by AUC) were synthesized and cryo-TEM 
investigations revealed that all core-shell particles (lattices 4 to 
11) showed slightly irregular particle geometries, differing from 
the clear spherical shape of polymer seed (1) and cores (latex 1 
and 2). By crosslinking the polymer shell with a TEGMDA 
concentration up to 4% it was possible to enhance the 
dispersability of particles in the monomer (TEGDMA) together 
with an improvement of the mechanical properties. The best 
mechanical performance was achieved with the test specimens 
TS7 featuring a maximum in flexural strength (81.4 MPa) and 
E-modulus of 2.38 GPa (see Table 4) that refers to lattex 8 
(core-shell ratio: 40/60). Particles with a lower shell content 
(core-shell ratio: 50/50) have less effect to the flexural strength, 
E-modulus and K1c. In a concentration dependent study of 
polymer particles within the test specimens, optimal flexural 
strength and E-modulus values were achieved at a particle 
concentration of 6% (TS3). However, for test sample filled 
with 9% polymer particles (TS4), the highest K1c (1.206 
MPa·m1/2) value was obtained of all investigated samples. 
These improvements of mechanical properties of 
TEGDMA/UDMA composites make them interesting as a 
toughening additive for hard tissue applications like bone 
cements or dental replacement materials. 
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Graphical abstract 
 
Polymeric core-shell particles consisting of a soft poly(butyl 
acrylate) core and a hard poly(methyl methacrylate) shell were 
incorporated into methacrylate based composites. The addition 
of the lattices leads to an improvement of fracture toughness 
and E-modulus values. The outstanding improvements of 
mechanical properties make these polymer lattices interesting 
as a toughener additive. 
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